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Abstract 


The electiicity eneigy is the key to the economic growth and improving the 
living standard of a country In most of the Asian countries particularly in India there 
is shoilage of enough generating plants to meet the required peak demand Continuous 
addition of power plants require the geneiation expansion planning to be carried out at 
regular intervals The traditional generation expansion planning has been based on the 
least cost strategy Incieased awareness to both the local and global environmental 
problems has foiced the planners to include various mitigation criteria m the generation 
expansion planning also In the present thesis at attempt has been made to include 
greenhouse gas mitigation especially carbon dioxide m the planning methodology 
The study has been earned out on one of the five regional electricity boards of India i e 
the Northern Regional Electricity Board (NREB) network 

For the present generation expansion planning study three alternative scenarios 
have been considered These are the least cost generation expansion planning least cost 
generation expansion planning with the efficient technologies and the least cost 
generation expansion planning with mitigation of Greenhouse Gas (GHG) as constraint 
Emission mitigation target of 5% and 10% have been considered over the conventional 
least cost generation expansion planning results Various sensitivity analyses have been 
earned out for the above three cases with the variation different parameters such as 
discount rate fuel prices power demand supply side capital cost and the efficiency of 
the efficient technologies 

The result shows that the least cost generation is possible with the installation of 
efficient technologies i e the PFBC and IGCC This also reduces the emission levels 
The emission mitigation target can be fulfilled by the installation of more number of 
CCGT and nuclear plants The power generation from these plants are some what 
costlier than the PFBC and IGCC plants 
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CHAPTER- 1 


INTRODUCTION 
1 1 General Introduction 

Energy demand and electricity use is growing more rapidly in most of the 
developing countiies than in Industrialized nations Energy has been a ma]or diive foi 
all economies The per capita eneigy consumption is considered as an index of standard 
of living of the persons in a country Electricity is vital for all sectois of the national 
economy It is one of the principal production factors in the domestic sector to satisfy 
the enhancement of the basic need of human being As electiical eneigy is the key to 
the national economy the energy demand by the consumers should be fulfilled by the 
powei sector with least cost Economic giowth and balanced socio economic 
developments aie closely related to the development of the electric powei sector and 
national economic development programs must be supported by studies on electric 
power sector planning 

As the modem world is undergoing the scientific and industiial levolution the 
necessity of commercial energy is incieasmg lather than the non commeicial energy 
The non commeicial energy demand is decreasing and the total reserve and potential of 
the non commeicial energy resources is also decreasing day by day In India the 
population growth rate (which is much more than the world average) is the prime cause 
of reduction of non commercial energy resources The demand of electrical energy ahs 
been popular as it can be easily converted in to different forms such as light sound 
thermal electromagnetic mechanical etc The conversion efficiency of electrical 
energy to other forms of energy is high and the cost of conversion is low The other 
advantage is that it is easily transportable and transferable Due to the above 
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'idvant'iges the woild seeks the help of electncal energy and trying to exploit the better 
facilities from it 

Fossil fuels are the major souice in producing electricity Currently around 40 
peicent ol the woild electricity generation are coming from the fossil fuel power plants 
It IS estimated that the energy sector contributes approximately 50 percent of the total 
emission to the environment In energy sector thermal power plants aie the main 
source of emission It is approximated that thermal sector contributes 30 to 35 percent 
of total emission alone [54] The tiend of power generation is not likely to change in 
near future This may increase level of Greenhouse Gas (GHG) concentration in the 
environment and other pollutants 

Global w liming and acid rams aie the burning issues world wide these days 
Due to inciease in population deforestation and pacing of woild to wards 
modernization the increase in pollution level in atmosphere is di awing the attention of 
world community Global warming is due to accumulation of Green House Gases 
(GHGs) m the atmospheie Carbon dioxide methane sulphur hexafluoride 
chlorofluoro carbons hydrofluoro carbons peifluoro caibons nitrous oxide aie some 
of the greenhouse gases The GHG traps the heat radiation and inci eases the 
temperature of atmosphere The polar ice caps will melt due to the rise in temperature 
of atmosphere and the rise in sea level will cause the submerge of low level lands 
through out the world The GHG depletes the layer of ozone which is acting as the 
filtei layei for haimful radiation to earth 

The acid lain is another endangering phenomena to oui healthy environment It 
IS due to the sulfuric and nitiic acid whose level increases due to emission of nitrogen 
oxide (NOx) and sulphur dioxide (SO 2 ) from the burning of more quantity of fossil 
fuels 


Recently the efforts are going on in the industrialized world to reduce GHG 
from their power sector by the demand and supply-side management 
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1 2 Literature Review 


A large variety of non commercial forms of energy such as fuel wood animal 
waste and agiicultuial residues fulfill the 97% of the total energy requirement of rural 
India and its contiibution has declined fiom over 70% in the early 1950s to 28% in 
1998 [49] This shift m consumption from traditional to commercial energy results 
from the shift of the tiaditional fuels like bio mass and animal waste towards cleaner 
and the modem fuels like kerosene and liquefied petroleum gas fast pace of 
lubani/ation and higher living standards associated with rising per capita income The 
totil eneigy consumption of eneigy (commercial as well as non commeicial) is related 
to the demogiaphic parameters such as population and stnicture of gioss domestic 
product (GDP) 

Electiicity genciation in Asia as a whole is expected to mciease at a higher late 
than the global average [26] The electiicity generation is predominantly based on 
thermal power plants (i e more than 70% of the total power generation is thermal) m 
most Asian countries [50] The share of the thermal power is likely to increase further 
in the coming years For example the share of thermal electricity generation is 
expected to increase from 78% in 2000 to 81% in 2010 in the case of India and from 
94%in 2000 to 96% in 2010 in the case of Thailand [8 17] The thermal power growth 
percentage will be more in the countries like India Indonesia Malaysia Thailand and 
Pakistan However in China the percentage of thermal power generation will decrease 
due to the constiuction of laige hydro plants such as 18200MW hydro powei plant on 
the liver Changjiang In Asian countiies like India China Indonesia and Malaysia coal 
IS the dominant fuel used for power generation [8 4 15] 

Electrification rate is low in selected Asian countries For example 
electrification rate is 27% m Sri Lanka and 24% in Indonesia (m 1990) About 69% ^nd 
83% of house holds were electrified in provincial and metropolitan areas in Thailand m 
1990 (ADB 1993) while 27% of rural households in India has access to electricity [8] 
India should give importance to produce more power and electrify the rural areas 
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About two decades ago utilities made substantial efforts to reduce particulate 
emissions from power generation by investing in electrostatic preceptor filters and wet 
scrubbers To reduce the emissions from the power plants the engineers follow 
different methods Flue Gas Desulphurisation (FGD) pre combustion and post 
combustion technologies aie used to reduce the SO 2 from the power sector Special 
burners are used to burn the coal at low temperature and sprinkling of water reduces the 
NOx emission Washing coals clean coal technologies and different methods are 
followed to reduce the CO 2 emissions [2] 

Power plant emits different local and global pollutants as the combustion of 
coal oil gas etc used for the power generation The combustion of such fuels increases 
the pollution level Among the fossil fuels the natuial gas is the cleanest source and 
enviionmental fiiendly New combined cycle power plants emit half of the caibon 
dioxide (CO 2 ) one fifth of the nitrogen oxide (NOx) and almost negligible amount of 
sulphui dioxide (SOo) compared to a compaiable sized coal fired power plant [34 55] 

The efficiency of theimal plants aie around 30% in the developing countiies 
where as the efficiency is moie than 35% m developed countries It occuis due to the 
adoption of new technologies and the availability of moie capital investment Though 
the efficiency of gas based plants are below some of the thermal powei plants most 
electric utilities opt for the gas turbine power plants due to its known features of low 
capital cost high flexibility high reliability short delivery time less constraction time 
and fast starting and load pick up Installing a steam plant with the gas plant can fuither 
expand anothei advantage that the gas based plant s flue gas heat wastage can be used 
for the steam geneiation The efficiency of the combined cycle plant is more than the 
steam pi int and gas plant The oveiall efficiency of this type of plant may be up to 55% 
[46] 


Fossil fuels contain organic sulphur and pyretic sulphur During combustion the 
sulphur compounds goes to the atmosphere Sulphui dioxide and nitrogen oxides are 
the two major pollutants for the acid rain Due to this the pH value of the earth surface 
changes Shrestha and Acharya (1992) have estimated the emission of different 
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pollutants from the thermal power generation sector for the various Asian countries 
Plinke et al (1992) have discussed different options to reduce the emission of trace 
gases like fuel switching technology substitution measures clean coal technologies 
ind emission control technologies Shrestha and Bhattacharya (1991) have discussed 
different methods to reduce the emission of SO 2 at different stages during the 
combustion of coal like pre combustion (coal cleaning) during combustion (fluidized 
and circulating fluidized bed combustors) and post combustion (flue gas 
desulfurization) 

There are broadly two categories of options to improve the environmental 
performance of power sector These are 

a) Supply side options which include 

• Emission controls in power generation Improvement m power generation 
efficiency 

• Reduction of system losses 

• Hydro power development 

• Fuel switching in power generation 

b) Demand side options which include 

• Efficient electricity pricing and 

• End use efficiency improvement 

The concentration of the CO 2 one of the greenhouse gases in the atmosphere is 
increasing fiom the starting of industrial revolution Atmospheric CO 2 increased by 
25% from 280 PPM (m 1750) to 350 PPM (in 1990) and this process has been 
accelerated during the last 50 years The reduction of the GHG emissions has become a 
prime environmental goal to be persuaded on a global level Different authors have 
discussed about the emission of CO 2 associated with the different sectors of the 
economy e g William (1993) Groscurth and Kummel (1990) Hippel et al (1990) 
etc 

The power sector is the major contributor of CO 2 For example the share of 
power sector in total carbon dioxide emission was estimated to be 45% m India 33% in 
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China and 31% in Thailand in 1995 [19] As the thermal powei plants are increasing in 
Asian countries it is obvious that the shaie in CO 2 emission is expected to grow in 
these countries The CO 2 emission from the power sector in China India and Thailand 
aie projected to grow at the rates of about 6 0 8 9 and 8 7 percent per annum 
respectively from 2000 to 2010 [27 58 8] Coal as a fuel used for power generation in 
Asian countries such as China India Indonesia and Malaysia Thailand and is 
considered to be the largest source of CO 2 and other harmful emissions Therefore the 
growth of the powei sector m the Asian countries has implication for both green house 
gases emission and other harmful emissions (e g SO 2 and NO^) that adversely effect 
the global and local environment 

Although theie are no ibatemcnt techniques ivulible foi COt emission 
howevei following options can be used for reducing CO 2 emissions [31] 

1 Energy conveision and development of new technologies to increase the efficiency 

of the plants 

2 Substituting low carbon content of fuels 

3 Introducing nuclear power plant and more hydro power plants 

4 Increase the number of renewable energy sources 

1 3 Generation Expansion Planning Packages 


The purpose of power system planning is to meet the powei demand by 
consumers with minimum possible cost There are various cost minimization 
techniques formulated m order to find the least cost generation expansion planning 
Recently developed packages arc formulated for the minimization of both cost and 
environmental pollutants as the environmental emission is the burning issue m the 
present time Mathematical piogramming approaches like linear non linear mixed 
integer and dynamic progiamming are used mostly for the cost minimization of 
generation expansion planning There are several software simulation packages which 
are available for the least cost generation expansion planning with and without 
emission constraints Some of the important software packages are as follows [29] 
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• Wem Automatic System Planning Package (WASP) 

• Optimization Generation Planning Package (OGP) 

• Production Cost Simulation Program (PCS) 

• National Investment Model (MNI) 

• Integiated Resouice Planning Analysis (IRPA) 

• Production Cost and Reliability System for Electric Utility 

• Electric Generation Expansion Analysis System (EGEAS) 

• Production Cost Analysis Program (PROCOST) 

• Capacity Expansion and Reliability Evaluation / Analysis System (CERAS) 

• Power System Production Costing Model (POWERS YM) 

• Westmghouse Interactive Generation Planning (WIGPLAN) 

• RELCOMP Model 

• SCOPE Model 

• ICARUS Model 

In this thesis the Integiated Resource Planning and Analysis (IRPA) package 
developed by Asian Institute of Technology Thailand has been used for the least cost 
analysis with the emission constraints 

1 4 Power Scenario m India 

India s power sector is presently managed by state electiicity boards which are 
being assisted by central public sector generating companies their licensees and 
independent power producers Howevei the distribution transmission and the supply of 
power to the consumers is handled by the state electricity boards The total installed 
capacity for India up to today is around 94 OOOMW comprising of around 68 OOOMW 
(thermal) 2 240MW (nuclear) 1 OOOMW (wind) and 22 800MW (hydro) It is given in 
the Annex E figure 1 With this much generating capacity India is not able to meet the 
peak power demand So the load shedding is exercised through out the year which is 
affecting the development and the economic progress of the country Hence there is an 
urgent need for the extension of power generation by implementing and constructing 
the new plants The primary resources to power generation m the country are water 
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fossil fuels (coal lignite oil and natural gas) and nuclear fuels The over all plant load 
factor (PLF) in India is 63% Country has about 93 920MW potential of pumped 
storage hydro plants and about 10 OOOMW of small hydro plant [21] Also the country 
has laige potential for other conventional resources Such as wind power biomass tidal 
power ocean thermal power the potentials are 20 OOOMW 17 OOOMW 9 OOOMW 
50 OOOMW and 20 OOOMW respectively The values are given in the Annex E figure 
2 Beyond this there are geothermal sources of power The limitation of geothermal 
power depends on the geographical location and the number of volcano at that site or 
place Beyond this the solar power plant has the unlimited potential The anticipated 
capacity addition from various non conventional sources [22] dining 9^'’ 10* and 1 1* 
plan are about 6 500 MW 13 OOOMW and 19 5O0MW respectively In addition the co 
genet ation potential in various generic industries is about 6 500MW to 8 OOOMW The 
piesent nucleai powei genention based on PHWR and BWR technology is 1 840MW 
(delated capacity) This contributes about 2 2% of the total generation in the country 
The Nuclear Power Corporation of India has plans to enhance the nucleai power plant 
capacity to 1 1 600MW by the end of 11* plan [21] 

At present the CEA New Delhi has presented its ninth national plan for the 
country As per the projections made by the 15* electric power survey (EPS) [21] the 
electrical energy and peak power demand which stood at 3 89 721MU and 60 981MW 
during 1995 1996 are going to increase as following 


T ible 1 1 Peak power and Electric eneigy demand pi ejection of India 


Foie cast [1] 

By end of 9“’ plan 
(2001 2002) 

By end of 10* pi an 
(2006 2007) 

By end of 11* plan 
(2011 2012) 

Peak Demand 

95757 

130944 

176647 

Energy (MU) 

569560 

781863 

1058440 


State electricity boards (SEBs) Damodar valley corporation (DVC) and Bhakra 
Beas management board (BBMB) are presently primarily managing the power system 
network in India In addition to this certain licensees of the state electricity board are 
also generating power such as BSES/CSES/AECO Since 1991 the power generation 
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has been opened to all Taking this opportunities the Independent Power Producers 
(IPPs) are also generating the power and selling to the state electricity boards 

The inter state transmission network is done by power grid corporation of India 
limited (PGCIL) a public sector company Power grid corporation of India Limited is 
solely responsible for the transmission network in the country Generation of electricity 
IS being done by state electricity boards as well as central or statutory generating 
companies like National Thermal Power Corporation (NTPC) and National 
Hydroelectric Power corporation (NHPC) The regional grid is managed by five 
legional cleclncity bonds (REBs) namely 

1 Noithcm Region il CIccti icily Bo ird (NREB) h wing he id qu iitci it New Delhi 

2 Southern Regional Electricity Board (SREB) having head quarter at Bangalore 

3 Eastein Regional Electricity Board (EREB) having head quaiter at Calcutta 

4 Western Regional Electricity Board (WREB) having head quarter at Mumbai 

5 North Eastern Regional electiicity Board (NEREB) having head quarter at Shillong 

The boaids are under the administrative control of Central Electricity Authority 
Day to day operation of the grid is carried out by Regional Load Dispatch Centers 
(RLDCs) which are under Power Grid Coiporation of India Limited Regional load 
dispatch centeis function under the supeivision and guidance of regional electricity 
boards Each state has its own power department or ministiy and at the cential level 
ministry of power overseas functioning of electricity sectoi 

1 5 Rationale and Objective Behind the Study 


The convention generation expansion planning in most of the countries are 
earned out using least cost criteria The increased concern about the environmental 
protection has necessitated to include the reduction of vaiious types of emissions also 
into planning criteria Many developed and some of the developing countries have 
already brought out environmental protection acts to limit specifically the local 
pollutants However all the nations together have joint responsibility to bring down the 
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levels of global pollutants the most important being the Greenhouse Gases (GHGs) 
Thermal power plants are one of the major producers of such gases especially carbon 
dioxides The generation expansion planning must address to the reduction in the 
GHGs and incoiporate emission limit in the planning package Such constraint will 
foice the more efficient geneiation options to be selected No systematic work appears 
to have been done on quantifying the impact of including GHG mitigation constraints 
on the generation planning Therefore an attempt has been made in this thesis to carry 
out detailed analysis on impact of the GHG mitigation in generation expansion 
planning on a practical regional electricity board network m India 

Few specific objectives of the studies carried out in this thesis have been 
projected 

1 To analyze the least cost generation expansion planning which will fulfill the 
powei demand by the consumers foi the selected planning hoiizon 

2 To analyze the least cost generation expansion planning with efficient supply side 
technologies 

3 To analyze the least cost generation expansion planning with efficient supply side 
technologies and taking consideration of the abatement of GHG (only CO 2 ) by five 
as well as ten percent from the base value of least cost generation expansion 
planning 

4 To carry out the sensitivity analyses for the above cases with the variation of the 
value of the parameters such as discount rate fuel price power demand supply 
side capital cost generation efficiency of a new or clean power plant 

1 6 Organisation of Thesis 

The present thesis has been organized into five chapters 

The present Chapter 1 introduces the generation expansion planning problem 
presents a brief literature survey & power scenario in India and sets the motivation 
behind the present work 
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Chapter 2 presents the methodology for traditional least cost generation 
expansion planning and the study results including foi the sensitivity analyses on 
Northern Regional Electricity Board (NREB) network 

Chapter 3 studies the impact of two efficient supply side technologies viz 
Integrated Gasihcation Combined Cycle (IGCC) and Pressurized Fluidized Bed 
Combustion (PFBC) and presents the least cost planning results with these technologies 
on the NREB system 

In Chapter 4 the results on the NREB system have been obtained with GHG 
(only CO 2 in the present study) mitigation constraints and their impact on the planning 
results have been analyzed 

Chapter 5 concludes the mam findings of the work carried out in this thesis 
and lists some of the future scope of leseaich work 
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CHAPTER-2 


CONVENTIONAL LEAST COST GENERATION 
EXPANSION PLANNING 


2 1 Introduction 


The aim of the energy lesource planning is to investigate comprehensively the 
effective use co ordination and substitution lelationship of various primary resources 
such as coal crude oil natural gas hydro energy nuclear energy etc The aim of the 
least cost generation expansion planning is to seek the most economical generation 
expansion scheme achieving a ceitain reliability level according to the forecast of 
demand increase in a given period of time The cost factors include the capital 
investment cost and the power generating cost Capital investment cost denotes the total 
capital outlay necessary to build a power plant It depends on the depreciation taxes 
interest rate etc Power generation cost represents the total cost of generating electricity 
Power generating cost includes the fixed fuel cost variable fuel cost fixed operating 
and maintenance cost variable operating and maintenance cost Fuel costs play a major 
role in the least cost generation expansion planning Different types of fuels considered 
in the present study are coal oil gas and nucleai The coal has been further 
categorized into six types according to then calorific value cost and different process 
required for the combustion of the fuel Operation and maintenance (O&M) cost 
includes all non fuel cost i e it includes direct and indnect cost of labour and 
supervisory personnel consumable supplies and equipments outside support services 
moderator and coolant make up nuclear liability insurance etc Fixed operating and 
maintenance (O&M) cost depends on the size and type of plants but not the load factor 
Variable O&M cost depends on production i e plant capacity factor In case of the 
hydro power plants the fuel cost is considered to be zero 
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In this chapter the least cost generation expansion planning studies have been 
carried out on Noithem Region Electricity Board network Various sensitivity analyses 
have also been cairied out with respect to the change in values of discount rate fuel 
puces (oil coal and gas) power demand and supply side capital cost The studies have 
been conducted for the planning horizon of 15 years (year 2003 2017) The Integrated 
Resource Planning Analysis (IRPA) software supplied by Asian Institute of 
Technology (AIT) Thailand has been used for the formulation of Mixed Integer 
Program (MIP) object code and the CPLEX linear optimizer is used for the analysis of 
the least cost generation expansion planning 

2 2 Mathematical Formulation 

The formulation of the conventional generation expansion planning is based on 
the least cost optimization criteiia [5] as described below 

2 21 Objective function 

The least cost geneiation expansion planning minimizes the total cost of 
candidate power plants and the cost of power generation from existing and candidate 
power plants over the complete planning horizon 

Let the totil planning horizon is for T years each year having s seasons each 
season divided into P blocks eich block divided into t vintages J being the total 
npmber of candidate power plants and K being the total number of existing power 
pi lilts 

Mathematically the least cost generation expansion plan has objective to 

Minimize 

JV '^jv ^JV 

J =1 -1 
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(2 1 ) 


Where 

Cjv Discounted capital cost of candidate power plant j to be commissioned in vintage 

V 

Wjv Discounted salvage value of power plant j commissioned in year v after time 
horizon T 

Yjv Number of power plants of type j installed m year v (An integer vaiiable) 

YPmv Number of pump storage hydro plants type m installed m yeai v (An integer 
vaiiable) 

Nst Number of days in season s of year t 

0pst Width of block p of chronological load curve of season s of year t 
Ujpstv Power generation from candidate plant j of vintage v m block p of season s m 
year t 

Fjpstv Cost of per unit power generation from candidate power plant j of vintage v in 
block p of season s in year t 

Ukpstv Power generation from plant k of vintage v in block p of season s in year t 
Fkpstv Cost of per unit power generation from existing or committed power plant k of 
vintage v in block p of season s m year t 

2 2 2 Constraints 

The above least cost optimization is subject to the following system constraints 

a) Demand constraints 

This constiaint states that the total power generation m each block of the 
planning horizon from candidate and existing plants will be more than or equal to the 
power demand during that period It can be mathematically written as 
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for all p s t 




(2 2 ) 


Where 

Ujpstv Power generation from candidate plant j of vintage v m block p of season s in 
year t 

Mjpst Transmission loss for transmitting power from candidate generating station j to 
load center m block p of season s in year t 

Ukpstv Power generation from existing plant k of vintage v in block p of season s m 
yeai t 

Mkpst Transmission loss for transmitting powei from existing generating station k to 
load centei in block p of season s in year t 


b) Reliability constraints 


This constraint imposes the condition that the power demand fiom all the plants 
(the candidate and the existing plants of all the types) must be greater than or equal to 
the sum of the power demand by the consumers and the reserve margin 


t±B, x(l-M,, XS, 4-M, ,he, ,(! + ”") 


(2 3) 


1=1 \—V 


J-\ =1 


loi all t s 

(P* icpiesents the peak block) 

Whcic 

Bkv Maximum capacity of existing or committed power plant k of vintage v 
Mkptst Tiansmission loss for tnnsimttmg power from generating station k to load 
center m block p of season s in year t 

Yjv Number of power plants of type j installed in year v (An integer variable) 

Bjv Maximum capacity of candidate power plant j of vintage v 
Mjp*st Transmission loss for transmitting power from candidate generating station j to 
load center in block p of season s in year t 
Qp*st Power demand in block p of season s in year t 


15 



rm Reserve margin 


c) Guarantee condition for energy supply for mixed hydro thermal system 

This constraint states that the energy available from all the plants must be 
greater than or equal to the energy demand during all time interval and seasons 

A=:] zz-V p=\ j \ =1 p 1 

k ?ihydro jT^hydro 

iZEA x£/;„ (24) 

K-\ =>-Vi=l j-l ^=1 p=l P=\ 

k=hydro j=hydro 

for all t s 


Where 

akv Availability of existing or committed power plant k of vintage v 

Bkv Maximum capacity of existing or committed power plant k of vintage v 

Ykv Number of powei plant of type k installed in year v (an integer variable) 

0pst Width of block p of chronological load curve of season s in year t 

Ujv Availability of candidate power plant j of vintage v 

Bjv Maximum capacity of candidate power plant j of vintage v 

Yjv Number of power plant of type j installed in yeai v (An integer vaiiable) 

pkv Maximum capacity of existing or committed power plant k of vintage v 

Ukpsiv Powei generation form plant k of vintage v in block p of season s m yeai 

Pjv Film factor of hydro plant j of vintage v 

Ujpstv Power generation from candidate plant j of vintage v in block p of season s in 
year t 

Qpst Power demand in block p of season s in year t 
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d) Plant availability constraints 


This constiamt defines the maximum available generation from each power 
plant depending on their availability factor 


Ujn X«; 


for all j V p s t 


and 




for all k V p s t (2 5) 

Where 

Ujpstv Power geneiation from candidate plant j of vintage v in block p of season s in 
year t 

Yjv Number of power plants of type j installed in year v (An integer variable) 

ajv Availability of candidate powei plant j of vintage v 

Bjv Maximum capacity of candidate powei plant j of vintage v 

Ukpstv Power generation fiom plant k of vintage v in block p of season s in yeai t 

a^v availability of existing or committed power plant k of vintage v 

Bkv Maximum capacity of existing or committed power plant k of vintage v 

e) Annual energy constraints 

This constraint defines the maximum energy which can be generated from each 
plant considering their maintenance period 


I s 


. X" . sM-m, xYj 

P 1 1 


for all J v t 


and 


P s 


p-1 1 


bi 


for all k V t 


(2 6 ) 


17 



Where 

Ujpstv Power generation from candidate plant j of vintage v m block p of season s in 
year t 

0p,t Width of block p of chronological load curve of season s of year t 
Nst Number of days m season s of year t 

mjv Schedule maintenance hours per year of candidate power plant j of vintage v 

Bjv Maximum capacity of candidate power plant j of vintage v 

Yjv Number of power plants of type j installed in year v (An integer variable) 

Ukpsiv Power generation from plant k of vintage v in block p of season s in year t 
m^v Schedule maintenance hours per year of existing or committed plant k of vintage 

V 

Bkv Maximum capacity of existing or committed power plant k of vintage v 

f) Hydro energy availability constraints 

This constraint defines the limit on total hydro energy generation available fiom 
each hydro plant duiing each period 

Sk jpitv 

p=\ 


for all J s t V (j=Hydro plants) 
and 

Y,{u,p,.x0^,)xN 

p=\ 

foi all k s t V (k=Hydio plants) (2 7) 

Where 

Ujpsiv Power generation from candidate plant j of vintage v in block p of season s in 
year t 

0psi Width of block p of chronological load curve of season s of yeai t 
Nst Number of days in season s of year t 

Ttjstv Hydro energy available at hydro plant j of vintage v m season s in year t 
Ukpstv Power generation from plant k of vintage v in block p of season s in year t 
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TCkstv Hydro energy available at hydro plant k of vintage v in season s in year t 

g) Maximum potential capacity constraints 

This constraint imposes the limit on the number of power plants of any type 
installed m any yeai 


IK 

=1 

for all j (2 8) 

wheie 

Yjv Number of power plants of type j installed in year v (An integer variable) 

Oj Maximum number of units of power plant type j 

h) Fuel or resource availability constraints 

This constraint imposes the maximum limit on energy generation foi each type 
computed from the availability of fuel resources 

,.xe,„xw„ 

(=1 i=l fl=l =-V (=1 =1 p=\ =1 

for all k J k and j are some type of plants (2 9) 

Where 

Ykv Number of power plants of type k installed in year v (An integei variable) 

Ufcpstv Power generation from plant k of vintage v in block p of season s m year t 
0psi Width of block p ol chronological load curve of season s ol yeai l 
N,t Number of days m season s of year t 

Yjv Number of power pi tnts of type j installed in year v (An integer van ible) 

Ujpstv Power generation from candidate plant j of vintage v in block p of season s in 
year t 

Xj max Maximum energy resource available for plant type j (computed based on the 
maximum fuel resource availability) 
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In India Northern Electricity Board is one of the regional electricity boards 
(REBs) The system description and data of Northern Regional Electricity Board for 
the present study are given below 

2 3 NREB System Description 

2 31 Electricity demand projection 

The projected value of energy peak power demand energy consumption in 
different sectors of the Northern Regional Electricity Board (NREB) are given below 

2 311 Review of historical data 

The percentage of utilization of electiical energy in different sectors during 
1996 1997 [22] were as given in Table 2 1 The similar pattern is also continuing at 
present 

Table 2 1 Utilization of electrical energy in different sectors 


Sector 

Percentage (%) 

Domestic Consumption 

19 72 

Commercial and Misc 

7 89 

Irrigation 

29 99 

Industry 

37 18 

Others 

5 22 

Total 

100 00 


The total energy consumption in NREB during the periods 1990 1991 to 2001 
2002 (actual/estimated) are given in Table 2 2 [22] 
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Table 2 2 Energy consumption in northern region from 1990 2002 


Year 

MU (million kWH) 

1990 1991 

54986 

1991 1992 

60639 

1992 1993 

65313 

1993 1994 

75247 

1994 1995 

81480 

1995 1996 

87986 

1996 1997 

95099 

1997 1998 

102516 

1998 1999 

1 10293 

1999 2000 

118628 

2000 2001 

127434 

2001 2002 

136988 


2 312 Energy and electricity demand projection 

Central Electricity Authority (CEA) New Delhi is responsible foi the electricity 
planning m the countiy Central Electricity Authority New Delhi is the mam authority 
for geneiation expansion planning for the five regions in India CEA New Delhi uses 
Electricity Generation Expansion Analysis System (EGEAS) and Integrated System 
Planning Model (ISPLAN) two powerful softwares for the planning studies 

As per the pi ejections made by the 15*'’ Electric Powei Survey (EPS) [21] the 
electrical energy and peak powei demand which stood at 3 89 721MU and 60 981MW 
during 1995 1996 are going to increase as given in Table 2 3 For oui study the 
forecast was required up to yeai 2017 for which the data was not available So peak 
demand up to 2017 has been extrapolated by taking average peicentage growth of 
6 42% Demind in between the yeais le between 2001 02 & 2006 07 2006 07 in 
2011 12 have been calculated through interpolation of EPS data The interpolation has 
been done from the previous years datas The peak demand and power generated from 
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the year 1992 to 1997 is given m the figure 5 of Annex E All these data are shown in 
Annex A in the IRPA format 


Table 2 3 Energy and power projection for Northern Regional Electricity Board 


Foie cast [1] 

By end of 9*'' plan 
(2001 2002) 

By end of lO'" 
plan (2006 2007) 

By end of ll"’ 
plan (2011 2012) 

Peak Demand (MW) 

31735 

44009 

60077 

Energy (MU) 

181649 

254161 

350165 


The above pi ejection includes all industrial and non industrial loads with a 
demand of IMW and above and also includes the agricultural loads 

The projected power consumption in percentage for different sectors or 
categories for the peiiods [2000 2001] and [2001 2002] are given in Table 2 4 [22] 


Table 2 4 Power consumption in different sectors in percentage for NREB 


SI No 

Sectors/Categories 

All figures are in percentage 

Year 2000 2001 

2001 2002 

1 

Domestic 

22 67 

23 52 

2 

Commercial and Miscellaneous 

6 98 

7 03 

3 

Public lighting 

0 79 

0 798 

4 

Public water work 

2 25 

2 28 

5 

Irrigation and Dewatering 

24 70 

2410 

6 

Industrial 

39 30 

39 00 

7 

Railway 

2 37 

2 36 

8 

Bulk supply and Non Industrial consumers 

0 90 

0 90 
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2 32 NREB system 


The NREB system has 160 thermal power plants and 230 hydro power plants 
All the data required for some of the case studies are given in Annex A to D Pump 
storage power plants are not considered as these have negligible contiibution towards 
total generation In IRPA chronological load curve is required Chronological load 
curve is given in the fifure 6 of Annex E For this purpose normalized load is needed 
which is shown in Annex A For normalised load peak load is required for each year of 
the planning period The projected peak load is shown m the figure 4 of Annex E Two 
seasons are taken in one year and 20 blocks considered in each season Season 1 
consisting of July August and September and season 2 consisting of rest of the months 
Seison 1 is of total 92 days and season 2 of total 273 days Only thice types of 
candidate thermal power plants and one type of candidate hydro power plants are taken 
for least cost generation expansion planning without the efficient technology Load 
factor IS calculated by projected energy and projected peak demand which is shown in 
Annex A and section 2 3 4 Projected load factor curve for whole planning period is 
shown in the figure 3 of Annex E Reserve margin is taken as 5% for all the years 
which IS the norm followed by CEA Total ten types of fuels were considered namely 
coal 1 coal 2 coal 3 coal 4 coal 5 coal 6 gas nuclear lignite oil Costs for various 
types of coals are different The costs for all the fuels are shown in Annex A Cost 
multiplication factor for year 2003 is taken as 1 2 and for the rest of the years it is 
taken as 1 05 Only four types of plants are taken namely the conventional coal 
combined cycle gas turbine unit (TU) nuclear and lignite which arc sufficient to 
include all the plant types for the least cost generation expansion planning There are no 
external suppliers for the NREB Similarly there is no group data in the case study 
Discount factor is taken as 10% the base year as 1998 and starting year for the study is 
2003 Study period is assumed to be for 15 years i e up to 2017 

2 3 21 Existing power plant’s data 

Under the control of Northern Regional Electricity Board (NREB) there are 
total 160 thermal power plants and 230 hydro plants as given in Annex A 
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A) Thermal power plants 


All existing thermal power plants are shown in Annex A Fuel consumption 
data IS provided by CEA from the available plant monthly report Calorific value of 
different types of fuels is taken from the available data SO 2 and CO 2 emission factors 
were calculated from the formula adopted by CEA and also given in section 2 3 3 2 
NOx emission factor was computed from the Table 1 15 of IPCC document [28] and 
with the help of the formula given in the section 2 3 3 2 Minimum operating capacity 
of all the plants is taken as 30% of the installed capacity Heat rate is taken on the basis 
of the available plant monthly report Operating cost is taken as 1% of total capital cost 
or 40% of fixed operating and maintenance (O&M) cost The fixed operating and 
maintenance (O & M) cost is taken as 2 5% of total capital cost for all types of thermal 
plants except the diesel plants which is considered as 4% Transmission loss rate is 
taken as 4% for all the plants Annual maintenance hour for coal based plants and 
nuclear plants is taken as 10% while for the gas based plants and oil based plants it is 
taken as 15% according to the CEA norms for generation planning m India Fuel types 
and plant types are shown in Annex A 

B) Hydro power plants 

All the existing hydro power plants are shown in Annex A There are total 230 
plants Availability is taken according to the CEA norms Operating cost for hydro 
plants IS assumed to be zero Transmission loss rate is taken as 4% for all the plants 
Fixed operation and maintenance (O & M) cost is taken as 15% of the total capital 
cost Available eneigy in season one (July August and September) and season two 
(rest of the months) is shown in Annex A 

2 3 2 2 Candidate power plants 

Total three types of candidate thermal plants were considered for the study of 
least cost generation expansion planning Only one type of candidate hydro power plant 
was considered Details of plants are given in Annex A 
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The thiee types of candidate thermal plants considered are coal 500MW 
CCGT 250MW and nuclear 500MW Fuel consumption rate and calorific values of 
these plants are taken as the average of the fuel consumption and the calorific values of 
all the existing similar plants in the NREB system Annual allowable maximum unit is 
taken as 150 foi coal 500MW 75 foi CCGT 250MW and 4 for nuclear 500MW 
Availability for nuclear is taken as 0 58 and for coal 500MW as 0 71 Tiansmission loss 
rate is taken as 4% Maximum possible number of incremental units is taken as 150 for 
the coal 500MW & 75 for CCGT 250MW and 4 for nuclear 500MW for the year 2006 
2017 These are given in Annex A The depreciable and non depreciable cost for 
candidate thermal power plants have been taken as 90 % and 10% of the total 
installation cost of the power plant respectively 

For candidate hydro power plants only one type of plant is considered which is 

01 250 MW having 35% efficiency Since hydro plants take much time to be built the 
earliest available year is taken as 2005 Maximum number of units is taken as 5 The 
hydro plants were taken in each two years interval up to 2015 Availability is taken as 
90% Operating cost is considered to be zero and transmission loss rate as 4% 
Available energy m each season is taken according to the existing hydro power plant of 
250 MW capacity For the candidate hydro power plant only the total cost is taken 
rather than the depreciable and non depreciable cost taken in case of the existing 
thermal power plants 

2 3 3 Calculation of emission constraints and heat rate 
2 3 31 Evaluation of heat rate at full load 

The aveiage mciemental heat rate (a) can be calculated as 

^ {HR.xL.-HRqXLq) 

[hp - Lq) {Lp ~Lq) 

Rearranging the above equation provides the following expression for the heat 
rate at full load (HRp) 
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( 210 ) 


— (-^^0 ^^0 ^{Lf 



Where 

Lr Hp = Full load m kW and con’espondmg heat rate in kcal/h 

Lo Ho = Minimum allowable load in kW and corresponding heat rate m kcal/h 

2 3 3 2 Estimation of pollution level 


Various types of air pollution factors can be computed as given below 
CO 2 emission factor [21] 

Kg 


44 


ef 

''\Kwh 
SO 2 emission factor [21] 
Kg 


xlOxC xP 


efs 


Kwh 


= 2xl0xC „xP , 


NOx emission factor is referred from [DPCC 1996 Table 1 15 21] 




Kg 

Kwh 


VO,xQ4187xHP 

10 ^ 


Where 

ef Emission factoi (Kg/Kwh) 

Ccon Specific coal consumption in Kg/Kwh 
P^ar Percentage of carbon m coal 
Psui Percentage of sulphur in coal 
Efnex Emission factor (Kg/Mwh) 

H R Heat rate m Kcal/Kwh 

NOx The NOx emission expiessed m Kg/TJ 


The value of NOx is calculated for various types of plants using the figure given 
m the table of Annex E 
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2 3 4 Calculation of load factor and efficiency of plants 

The load factor is computed from the following formula 
Load Factor = Energy / (Peak Demand x Hours m one year) 

Plant efficiency {r\) has been calculated from the heat rates as following 

77 = -^xlOO% 

HR 

Wheie 

H R Heat rate of the plant at full lo id in kcal/kWh 
A 100% efficient plant gives Ikwh out put for 860kcal of input heat energy 

The IRPA package consideis cost figure in the ys Dollars For this purpose a 
conversion factor of one US Dollar equal to 45 Indian Rupees has been considered 

2 4 Case Studies 

With the help of IRPA software of AIT Thailand which formulate the Mff 
object code from the datas given and the CPLEX optimizer which optimizes the object 
code various case studies were carried out on the NREB system For the case studies 
all the datas required were taken as given in the Annex A Emission constraint and 
DSM constraints were not considered in this case The results of the least cost 
generation expansion planning are given below 

2 41 Least cost generation expansion planning Base case 

For the least cost generation expansion planning of NREB system the datas 
were first prepared in the IRPA format The IRPA was run for the base case henceforth 
called as Business As Usual (BAU) case which provided the object code This was 
then fed to the CPLEX software to solve the optimization problem The results with 
respect to the selection of units during the planning horizon 2003 to 2017 along with 
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various cost components are given in Table 2 5 A summary of fixed O&M cost fuel 
and variable cost and total as well as vaiious types of emissions for each of the 
planning years as well as for the complete planning period is given in Tables 2 5 & 2 6 

It is worth noting that in the BAU case all the candidate coal based thermal 
plants and hydro plants have been selected for the future expansion since the costs of 
these power plants were relatively less 
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2 4 2 Sensitivity analyses 


In order to study the impact of change in the values of various assumed 
parameters on the least cost planning results sensitivity analyses were carried out The 
results with respect to different parameter variables are provided below 

2 4 21 Discount rate 

The discount rate was varied by +50% and -50% of the base case value and the 
summary of results obtained are given in Table 2 7 It can be observed that in both the 
cases all coal based thermal plants and hydro plants were selected With leduction in 
the discount rate total cost has considerably increased where as there is a marginal 
change m the emission level 


Table 2 7 Results with change m discount rate values 


Discount 

Rate in 

%of 

BAU 

case 

No of 

Coal 

500MW 

selected 


No of 

Nuclear 

500MW 

selected 

No of 

Hydro 

250 35% 

Total 

cost in 

G$ 

CO 

emission 

inTKg 

SO 2 

emission 

in GKg 

NO 

emission 

in GKg 

+50% 

150 

4 

2 

30 

4174 

5 13 

30 45 

13 36 

50% 

150 

2 

4 

30 



98 41 

5 11 




2 4 2 2 Fuel prices 

Fuel prices were changed by following percentage 

• ±10% m the coal price 

• ±25% and ±50% m the oil puce 

• ±25% and only +50% in the gas price 

The summary of the results is given in Table 2 8 It can be observed that the 
total CO 2 emission for each of the above cases is almost insensitive to the variation in 
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coal and oil prices However it is most sensitive when gas price is changed CO 2 (also 
NOx and SO 2 ) emission increases with increase in gas price 


Table 2 8 Results on change with values of fuels cost 


Type 

of fuels 

Change 

in cost 

as % ol 

BAU 

case 

No of 

Coal 

500MW 

selected 

No of 

CCGT 

250 

selected 

No of 

Nuclear 

500M 

W 

selected 

No of 

Hydro 

250 

35 % 

Total 

cost in 

G$ 

CO 2 

emission 

in TKg 

SO 2 

emission 

in GKg 

NO 

emission 

in GKg 

Coal 

+10 

150 

2 

4 

30 

65 46 

5 11 

30 35 

13 30 

Coal 

10 

150 

3 

3 

30 

60 23 

5 14 

30 55 

13 37 

Oil 

+25 

150 

3 

3 

30 

62 90 

5 13 

3051 

13 35 

Oil 

25 

150 

3 

3 

30 

62 81 

5 13 

3047 

13 34 

Oil 

+50 

150 

3 

3 

30 

62 94 

5 13 


13 35 

Oil 

50 

150 

4 

2 

30 

62 76 

5 13 

30 53 

13 36 

Gas 

+25 

150 

2 

4 

30 

63 91 

5 19 



Gas 

25 

150 

4 

2 

30 

61 63 

5 12 

30 36 

13 33 

Gas 

+50 


2 

4 

30 

64 54 

5 22 

31 49 

1351 


2 4 2 3 Povier demand 

The power demand was changed by +10% and -20% of the base case value 
The results of plants selected total cost and various emissions are given in the Table 
2 9 The change in total cost and emission levels follow the variation in power demand 


Table 2 9 Results with change in values of power demand 


% change 

in power 

demand 

fromBA 

U case 

No of 

Coal 

500MW 

selected 


No of 

Nuclear 

500MW 

selected 

No of 

Hydro 

250 

35% 

Total 

Total 

cost in 

G$ 

CO 2 

emission 

in TKg 

S 02 

emission 

in GKg 

NO 

emission 

in GKg 

+10% 

150 

44 

4 

30 

71 58 


33 83 

14 86 


106 

2 

2 

30 

45 74 

■■ 

22 82 

10 15 
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2 4 2 4 Supply side capital cost 

Supply side capital cost was changed by ±20% and -40% only The results are 
given in the Table 2 10 The change in the capital cost has affected mainly the total cost 
figuies It has resulted in only a marginal change in the emission levels 


Table 2 10 Results with change in supply side capital costs 


Change 

in the 

capital as 

% of 

BAU 

case 

No of 

Coal 

500MW 

selected 


No of 

Nuclear 

500MW 

selected 

No of 

Hydro 

250 35% 

Total 

Total 

cost m 

G$ 

CO 2 

emission 

in TKg 

SO 2 

emission 

in GKg 

NO 

emission 

in GKg 

+20% 

150 

4 

2 


67 11 

5 13 

30 44 

13 35 

20% 

150 

2 

4 

30 

58 59 

5 12 

30 45 

13 32 

40% 

150 

2 

4 

30 

54 26 

5 12 

30 60 

13 29 


2 5 Conclusion 

In this chapter least cost generation expansion planning had been carried out on 
the NREB system The datas for this case study was collected from the CEA New 
Delhi For various studies IRPA package along with CPLEX optimizer and MIP code 
foimulatoi has been used Various sensitivity analyses were carried out with the change 
in dillcicnt paiamUcis value The lesults obtained foi the ditlcienl cises provide the 
following main conclusions 

• In the BAU case all the candidate hydro and coal plants were selected due to their 

relatively lower overall cost 

• With the variation of the discount rate the selection of coal and hydio plants 

remained same With increase in discount rate more CCGT plants are selected 
while with the decrease in the discount rate more nuclear plants get selected The 
total cost increases considerable with the reduction in the discount rate The 
emission levels of CO 2 SO 2 and NO* remain almost same as in the BAU case 
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• The change m fuel prices affect the total cost in case of price variation of coal and 

gas where as it is almost same in case of variation of the oil price The CO 2 
emission is lowest (5 llTkg) when coal price is increased by +10% and highest 
(5 22Tkg) when gas price is increased by +50% This pattern also applies to SO 2 
and NOx emissions In this sensitivity analysis it was also observed that relatively 
more number of CCGT plants were selected when gas and oil prices are reduced 
and more number of nuclear plants get selected when coal and gas prices are 
increased Number of coal based plants and hydro plants remain same as in the 
BAU case 

• Increase in power demand causes large number of CCGT plants to be selected 

Reduction in power demand reduced the number of all types of thermal plants The 
variation in the cost and emission follow the load variation 

• Supply side capital cost variation changes the total cost of the plants where as it has 

piactically no impact on the thjree types of emissions 
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CHAPTER-3 


LEAST COST GENERATION EXPANSION PLANNING 
WITH EFFICIENT TECHNOLOGIES 

3 1 Introduction 

In the least cost generation expansion planning as observed in the previous 
chapter mostly coal based candidate plants are selected This results in increased 
emission levels including the CO 2 emission -Greenhouse Gas (GHG) emissions can be 
mitigated by consideiing efficient supply side options These options are listed below 

The supply side options include the follows 

• Fuel switching (1 e fiom high carbon to low /non- carbon fuels) [41] 

• Cleaner thermal power generation technologies (e g Combined Cycle Pressuiized 

Fluidized Bed Combustion (PFBC) Atmospheric Fluidized Bed Combustion 
(AFBC) Integiated Gasification Combined Cycle (IGCC) power plant) 

• Powei generation from renewable sources (e g hydro wind solai geothermal sea 

wave ocean theimal tidal etc ) 

• Co firing of biomass with coal in power plants [6] 

• Retrofitting of oldei powei plants 1 e renovation and modernization (R&M) of old 

plants 

• Transmission and distribution loss reduction 

• Pre combustion technologies 

• Post combustion technologies (e g Flue Gas Desulphurization) 
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The demand side management includes 


• Replacement electrical appliances or gadgets with high efficient technologies 

• Replacement of old lamps by energy efficient lamps and energy efficient tubes For 

example incandescent lamps can be replaced by compact fluorescent lamps 

• Use of more energy efficient air conditioners 

• Use of energy efficient motors particularly in agricultural sectors 

However in this chapter only two supply side technologies have been 
considered namely Integrated Gasification Combined Cycle (IGCC) and Pressurized 
Fluidized Bed Combustion (PFBC) technologies to reduce the emission levels The base 
case study along with these new types of plants as candidate plants and also various 
sensitivity analyses have been carried out pn the NREB system using IRPA package 

3 2 Clean Technologies 


The two types of supply side clean technologies viz PFBC and IGCC 
combined in the present study are briefly described below 

3 2 1 Pressurized fluidized bed combustion 

By using Pressurized Fluidized Bed Combustion (PFBC) technology the plant 
efficiency can be improved upto about 45% PFBC is clenn coal technology associated 
with coal gasification Mam furnace operates under pressure In this technology ash 
sulphur and impurities aie removed at the combustion stage of fuel burnt to control 
different emissions The lime is added in the coal at the time of combustion of coal so 
that the energy required for burning the sulphur can be saved The lime reacts with the 
sulphur forms the compound and comes out as waste matter The SO 2 emission will be 
less in this case NOx is controlled by lowering temperature of combustion water spray 
or using special burner Fluidized bed combustion can burn coal efficiently at a 
temperature low enough to that of the powder coal burning temperature As the NOx 
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emission depends on the combustion temperature its level will decrease Due to the 
gasification of the coal the CO 2 emission will also be less 

3 2 2 Integrated gasification combined cycle 

IGCC IS a piomising power generation option which can be applied to a great 
variety of solid or liquid feedstock It offers some unique options such as co production 
of electric power bricks and chemicals simultaneously It is the technology employed 
to control emission at the combustion stage of the fuel By using this one can reduce 
pollutant s emission level and water consumption amount besides improving the overall 
efficiency of the power plants which may be more than 45% In such plants the coal is 
gassified to lower degree before it goes to the combustion Before going to combustion 
and at the time of gassification the lime is added to the coal to take out sulphur before 
burning of the gasified coal Reduction m sulphur compound can be achieved by clean 
up at 350 400 °C by absorption on supported iron oxides Coal gasification provides a 
potential option for reducing CO 2 emission of coal fired plants As the burning 
temperature is low enough so the NOx emission is low The high ash (30% 40%) 
content of Indian coal requires IGCC technology for the power generation 

3 3 Case Studies and Results 

The datas required for various case studies for generation expansion planning 
with efficient technologies are same as that foi the least cost generation expansion 
planning m chapter 2 Additional data required for the IGCC and PFBC plants are 
given in the Annex A The methodology foi this cise is same is foi the least cost 
generation expansion planning given m chapter 2 section 2 2 The IRPA package along 
with the CPLEX has been used foi this study 

3 31 Least cost generation expansion planning 

For the least cost generation expansion planning of NREB system the data was 
first prepared in the IRPA format The IRPA was run for the base case henceforth 
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called as Business As Usual (BAU 1) case The results with respect to the selection of 
units duiing the planning horizon from 2003 to 2017 along with various cost 
components are given in Table 3 1 A summary of fixed O&M cost fuel and variable 
cost and total as well as various types of emissions for each of the planning years and 
also foi the complete planning period are given m Tables 3 1 and 3 2 

It IS worth noting that in the BAU case all the candidate hydro plants IGCC 
and PFBC plants were selected for the future expansion case study The coal plant 
selection was reduced due to its higher cost than the efficient technologies It was 
observed by comparing with the BAU case results without efficient technologies in 
chapter 2 that the total cost reduces by approximately 1% Emission levels of CO 2 SO 2 
and NOx reduces by approximately 4 % 12% and 9 % respectively Foi both the BAU 
and BAU 1 case selection of CCGT and nuclear plants remain same 
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3 3 2 Sensitivity analyses 


In order to study the impact of change m the values of vanous assumed 
parameters on the least cost planning results (i e BAU 1) the sensitivity analyses were 
carried out The results with respect to different parameter variables are given 

3 3 21 Discount rate 

The discount rate was varied by +50% and -50% of the base case value and the 
summary of results obtained aie given in Table 3 3 With +50% variation in discount 
rate the optimization results did not converge It can be observed that in the case of - 
50% variation also all coal based thermal plants and hydro plants are selected With 
reduction in the discount rate total cost has considerably increased where as there is a 
marginal change in the emission level 


Table 3 3 Results with change m discount rate 


Discou 

nt Rate 

in 

of 

BAU 

case 

No of 

Coal 

500MW 

selected 

No of 

CCGT 

250 

selected 

No of 

Nuclear 

500MW 

selected 

No of 

Hydro 

230 

35% 

No of 

PFBC 

plants 

selected 

No of 

IGCC 

plants 

selected 

Total 

cost in 

G$ 

CO 2 

emissi 

on in 

TKg 

SO 2 

emissi 

on in 

GKg 

NO 

enussio 

n in 

GKg 

50% 

130 

2 

4 

30 

10 

10 






3 3 2 2 Fuel prices 

Fuel prices were changed by given percentage 

A) ±10% in the coal price 

B) ±25% and ±50% in the oil price 

C) ±25% and only +50% in the gas price 

The summary of results are given in Table 3 4 Similar to the results reported in 
chapter 2 the CO 2 emission level changes only in case of change in the gas price and 
remains almost same with the variation in the oil and coal price 
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Tables 4 Results with change in values of fuels cost 


Type 

of 

fuels 

Change 

in cost 

on of 

BAU 

case 

No ol 

Coal 

500M 

W 

selecte 

d 

No of 

CCGT 

250 

selecte 

d 

No of 

Nuclea 

r 

500M 

W 

selecte 

d 

No of 

Hydro 

250 

359' 

No of 

PFBC 

plants 

selected 

No of 

IGCC 

plants 

selected 

Total 

cost in 

G$ 

CO 

emis 

Sion 

in 

TKg 

SO 

emissi 

on in 

GKg 

NO 

emissi 

on in 

GKg 

Coal 

+10 

131 

2 

2 

30 

10 

10 

64 76 

4 95 

26 73 

12 12 

Coal 

10 

131 

2 

2 

30 

10 

10 

59 69 

4 96 

26 83 

12 15 

Oil 

+25 

131 

2 

2 

30 

10 

10 

62 28 



12 13 

Oil 

25 

131 

1 

to 

2 

30 

10 

10 




1213 

Oil 

+50 

131 

2 

2 

30 

10 

10 

62 32 

4 95 

26 78 

1213 

Oil 

50 

131 

2 

2 

30 

10 

10 




12 13 

Gas 

+25 


2 

2 

30 

10 

10 

63 29 


27 18 

12 17 

Gas 

25 

131 

2 

2 

30 

10 





12 11 

El 

+50 

136 

2 

2 


10 

10 






3 3 2 3 Po>ver demand 


The power demand was changed by +10% and -20% of the base case value 
The result of plants selected total cost and various emissions are given in the Table 3 5 
With reduction in load the number of conventional thermal plants drastically reduced 
Variation of cost and emission follows the load change 


Table 3 5 Results with change in power demand 


% 

change 

in 

power 

demand 

from 

BAU 

case 

No ol 

Coil 

500M 

W 

selected 


No ol 

Nuclear 

500M 

w 

selected 

No of 

Hydro 

250 

35 % 

No ol 

PFBC 

plants 

selected 

No of 

IGCC 

plants 

selected 

Total 

cost 

in G$ 

CO 2 

cnnssio 

n in 

TKg 

SO 2 

cmissio 

n in 

GKg 

NO 

emission 

in GKg 

+10% 

150 

6 

4 

30 

10 

10 



3051 

13 69 

20% 

85 

2 

2 

30 

10 

10 



19 43 

9 03 
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3 3 2 4 Supply side capital cost 

Supply side capital cost was changed by ±20% and only -40% for this case 
study The results are given in the Table 3 6 With change in the supply side capital 
cost the total cost figure varies considerably However it marginally changes the plant 
selection and emission levels 


Table 3 6 Results with change in supply side capital costs 


Change 

in the 

capital 

cost as 

%of 

BAU 

case 

No of 

Coal 

500M 

W 

selected 

No of 

CCGT 

250 

selected 

No of 

Nuclear 

500M 

W 

selected 

No of 

Hydro 

250 

35% 

No of 

PFBC 

plants 

selected 

No of 

IGCC 

plants 

selected 

Total 

cost m 

G$ 

CO 2 

emissio 

n in 

TKg 

SO 2 

emissio 

n in 

GKg 

NO 

emissio 

n in 

GKg 



2 

2 

30 

10 

10 

66 53 

495 

26 78 

12 13 


131 

2 

2 

30 

10 

10 

57 92 

4 96 

26 78 

12 11 

40% 

130 

2 

4 

30 

10 

10 

53 53 

4 93 

26 67 

11 99 


3 3 2 5 Generation efficiency of new power plant 

In this case the change in efficiency of the PFBC and IGCC type plants were 
considered The plants efficiency has been changed by +2% and +5% and then the 
results are given in the Table 3 7 There is practically no change in the planning result 


Table 3 7 Results with change in generation efficiency of efficient plants 


Change 

in 

generati 

on 

efficien 

cy 

No of 

Coal 

500MW 

selected 

No of 

CCGT 

250 

selected 

No of 

Nuclear 

500MW 

selected 

No of 

Hydro 

250 

35% 

No of 

PFBC 

plants 

selected 

No of 

IGCC 

plants 

selected 

Total 

cost 

in G$ 

CO 2 

emission 

in TKg 

SO 2 

emissio 

n in 

GKg 

NO 

emission 

in GKg 

+2% 

131 

2 

2 

30 

10 

10 

62 18 

4 95 

26 78 

12 13 

+5%% 

131 

2 

2 

30 

10 

10 


4 95 

26 78 
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3 4 Conclusion 


In this chapter the least cost generation expansion planning analyses with two 
types of efficient technologies i e IGCC and PFBC were carried out on NREB system 
The results of the base case study (BAU 1) and different sensitivity analyses provide 
the following main conclusions on 

• With the inclusion of IGCC and ProC candidate plants in the least cost generation 

expansion planning the total cost compared to the BAU case in chapter 2 reduces 
by 15 total emission CO 2 SO 2 and NOx reduces by 3% a2% and 9 % respectively 

• The numbei of candidate plants IGCC and PFBC selected remained constant 

irrespective of the vaiiation of the parameters in the sensitivity analyses 

• Reduction in the discount rate increases the total cost of generation drastically 

• The CO 2 emission level is sensitive to only change in the gas price and remain 

almost same with change in oil and coal prices 

• Numbei of coal based nuclear and CCGT plants selected reduces considerably with 

decrease in power demand 

• Slightly more number of nuclear power plants were selected with the 40% decrease 

in supply side capital cost Increase in supply side cost increases the total cost but 
has practically no impact on emission levels 

• Variation of efficiency of PFBC and IGCC plants has very little impact on the 

planning lesults 
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CHAPTER-4 


GENERATION EXPANSION PLANNING CONSIDERING 
GHG MITIGATION CONSTRAINT 


4 1 Introduction 


In India the electricity generation is predominantly from thermal power plants 
In fact more than 70%of the total power generation is from thermal plants in most of 
the Asian countries [50] Coal is the dominant fuel used for power generation in India 
due to sufficient availability of non coking coal in the country itself The use of coal for 
power generation causes increase in the environmental pollution The power sector is 
the major contributor of CO 2 which is one of the greenhouse gases For example the 
share of power sectoi in total caibon dioxide emission was estimated to be 45% in India 
[22] Excessive emission of greenhouse gases such as CO 2 causes global 
environmental pioblem such as global worming Since this affects almost all the 
countries most of the developed and developing countries are actively participating in 
bunging down the emission level of GHG gases [34] 

In this chaptei the least cost generation expansion planning expansion 
methodology has been modified to restrict the GHG emissions Only limits on carbon 
dioxide (CO 2 ) has been considered in the present study In the pievious two chapters 
the analyses weie carried out with the least cost generation expansion planning without 
any constraint on pollution level Similar to chapter 3 the two efficient technologies for 
thermal power plants are also considered in this chapter viz PFBC (Pressurized 
Fluidized Bed Combustion) and IGCC (Integrated Gasification Combined Cycle) 
plants The mitigation target of GHG by 5% and 10% from the base case (BAU in 
chapter 2) has been considered The sensitivity analyses have been carried out with 
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respect to change m the values of various parameters such as the discount rate fuel 
prices (coal oil gas) power demand supply side capital cost and change m generation 
efficiency of IGCC and PFBC type power plants The Integrated Resource Planning 
Analysis (IRPA) software supplied by Asian Institute of Technology (AIT) Thailand 
has been used foi the present work also All the studies have been earned out on the 
Noithern Regional Electricity Board (NREB) system of India 

4 2 Methodology 


The mathematical formulation of the problem m this chapter is exactly same as 
the least cost generation expansion planning given in the chapter 2 section 2 2 except 
for the additional constraints on the total emission levels as given below 

• Annual emission limit 

This constraint states that the sum of the emissions from all the plants must be 
less than the upper limit on the allowable annual maximum emission level 


k=l v^-V f=l p=i 


+y yyyf :mi 

j-l v^-V' =1 p=l 


k^^hydio 


j?!:hydro 


for all t n 


(4 1) 


Where 

Emfnk Emission of pollutant n per unit eneigy generation m plant type k 
Ukpstv Power generation from plant k of vintage v in block p of season s in year t 
Nst Numbei of days in season s of year t 

6pst Width of block p of chronological load curve of season s in yeai t 
Emfnj Emission of pollutant n per unit energy generation in plant type j 
Ujpsiv Power generation from candidate plant j of vintage v in block p 
of season s in year t 

Emant Upper limit of annual emission of pollutant n in year t 
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All the data of NREB system used in chapters 2&3 are also required for the 
case studies in this chapter The additional datas required are the emission constraint 
data as given m the Annex D These emission data have been entered for each year 
basis of the planning period i e from 2003 to 2017 Zero has been entered in the total 
emission limit block of the data format as the emission datas were required to be 
entered for each year basis only 

4 3 Case Studies and Results 

Two sets of case studies were carried out on the NRSB system in this chapter 
pertaining to the 5% and 10% reduction of total CO 2 emission from the plants The 
results for these two cases and for the sensitivity analyses are given below 

4 31 Case 1 Mitigation target of 5% over BAU 
4 311 Base case 

Foi this study the base case data utilized are same as for the business as usual 
(BAU 1) case in the chapter 3 le after considering IGCC and PFBC plants The 
emission targets (Emqnt in eq (4 1)) is computed for each planning year as 95% of the 
CO 2 emission value for that year corresponding to the BAU case in chapter The 
planning results listing the selected plants along with various cost components are 
given in Table 4 1 and summaiy of the cost and emission values in Table 4 2 
Comparing the results of Table 4 1 & 4 2 with Tables 3 1 & 3 2 and also with the Table 
2 5 & 2 6 provide the following observations 

1) The selection of hydio PFBC and IGCC plants remain same for case studies 
with and without emission constraints Moie number of CCGT and nuclear plants were 
selected m case of 5% mitigation where as the coal plants selected were less than the 
least cost generation expansion planning with efficient technologies Comparing with 
the BAU case without efficient technologies the number of CCGT and nuclear plants 
selected has increased and the coal plants have decreased 

2) The total cost in the case of least cost generation expansion planning with 5% 
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mitigation was around 2% more than the least cost generation expansion planning with 
efficient technologies Comparing with the B AU case the cost is only 0 1 % more 
3) The reduction in the total emissions of CO 2 SO 2 and NOx over the least cost 
generation expansion planning with efficient technologies are 3% 6% and 2% 
respectively Compared to the BAU case (chapter 2) the SO 2 and NOx emissions 
reduces by 17% and 11% respectively 
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TABLE 4 1 Plant selection with 5^ mitigation target 
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2016 NUCLEAR-500 { 1 x 500 MW) 119785 95 93050 91 26735 04 666000 00 

2017 COAL 500 (13 x 500 MW) 1062801 94 937198 07 125603 87 6500000 00 
2017 NUCLEAR-500 ( 1 x 500 MW) 108896 32 96023 78 12872 54 666000 00 
Total capital cost 21138556 25 85414500 00 
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4 312 Sensitivity analyses 


In order to study the impact of change in the values of various assumed 
parameters on the planning results with the mitigation target of 5% on CO 2 emission 
sensitivity analyses were carried out with respect to different parameters These are 
described below 


a) Discount rate 


The discount rate was varied by +50% and -50% of the base case value and the 
summary of results obtained are given in Table 4 3 It can be observed that in both the 
cases all hydro nuclear PFBC and IGCC plants were selected With reduction in the 
discount rate total cost has drastically increased where as there is a marginal change in 
the emissions level 


Table 4 3 Results with change in discount rate with 5% mitigation 


Disco 

unt 

Rite 

in % 

of 

BAU 

CISC 

No of 

Coal 

500MW 

selected 

No 

of 

CCG 

T 250 

select 

ed 

No of 

Nuclear 

500MW 

selected 

No 

of 

Hydr 

0 250 

35% 

No of 

PFBC 

plants 

selected 

No of 

IGCC 

plants 

selected 


CO 2 

emissi 

on in 

TKg 

SO 2 

emissi 

on in 

GKg 

NO 

emissi 

on in 

GKg 

+50% 

122 

16 

4 

30 

10 

10 

42 07 

4 81 

25 07 

11 87 

50% 

124 

14 

4 

30 

10 

10 

99 20 

48 

25 24 

11 73 


b) Fuel price 

Fuel prices were changed by following percentage 

A) ±10% m the coal price 

B) ±25% and ±50% m the oil price 

C) ±25% and only +50% m the gas price 
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The summary of results are given m Table 4 4 It can be observed that the total 
post varies with change in gas and coal prices where as it is almost same with change in 


























the oil price More number of CCGT plants are selected with reduction in gas price 
The variation in the emission levels are not substantial m all the cases 


Table 4 4 Results with change in fuels cost with 5% mitigation 


Type 

of 

fuels 

Cost 

in % 

of 

BAU 

case 

No of 

Coal 

500MW 

selected 

No 

of 

CCG 

T 250 

select 

ed 

No of 

Nuclear 

500MW 

selected 

No 

of 

Hydr 

0 250 

357 

No 

of 

PFBC 

plants 

select 

ed 

No 

of 

IGCC 

plants 

select 

ed 

Total 

cost 

in G$ 

CO 2 

emis 

sion 

m 

TKg 

SO 2 

emiss 

ion in 

GKg 

NO 

emissi 

on in 

GKg 

Coal 

+10 

122 

16 

4 

30 

10 

10 




11 83 

Coal 

10 

123 


4 

30 

10 

10 

6107 



11 89 

Oil 

+25 

122 

16 

4 

30 

10 

10 



25 21 

11 89 

Oil 

25 

122 

16 

4 

30 

10 

10 




11 89 

Oil 

+50 

122 

16 

4 

30 

10 

10 

63 51 



11 89 

Oil 

50 

122 

16 

4 

30 

10 

10 



25 09 

11 87 

Gas 

+25 

123 

15 

4 

30 

10 

10 

64 30 



11 90 

Gas 

25 

120 

22 

2 

30 

10 

10 




11 82 

Gas 

+50 



4 

30 

10 

10 

66 64 



11 87 


c) Power demand 


The power demand was changed by -20% of the base case value The result of 
plants selected total cost and various emissions are given in the Table 4 5 The 
piogiamme gave convergence problem with +25% variation m the demand It is 
observed that reduction in power demand reduces the conventional themial power 
plants selection as candidate plants 


Table 4 5 Results with change in power demand with 5% mitigation 


Peicenta 

ge in 

power 

demand 

on BAU 

case 

No of 

Coal 

500MW 

selected 

No 

of 

CCG 

T250 

select 

ed 

No of 

Nuclear 

500MW 

selected 

No of 

Hydro 

250 

35% 

No of 

PFBC 

plants 

selected 

No 

of 

IGCC 

plants 

select 

ed 

Total 

cost 

mG$ 

CO 2 

emiss 

ion in 

TKg 

SO 2 

emiss 

ion in 

GKg 

NO, 

emiss 

ion in 

GKg 

20% 

85 

2 

2 

30 

10 

10 



19 80 

9 26 


52 


























































































d) Supply side capital cost 

Supply side c'lpital cost was changed by ±20% and only -40% for the case 
study Thu lesults ire given in the Table 4 6 In all the cases total cost for generation 
vines consideiably No significant change in the emission level is observed 


Table 4 6 Results with change in supply side capital costs with 5% mitigation 


Supply 

side 

capital 

cost in 

%of 

BAU 

case 

No of 

Coal 

500MW 

selected 

No 

of 

CCG 

T250 

select 

ed 

No of 

Nuclear 

500MW 

selected 

No 

of 

Hydr 

0 

250 

35% 

No of 

PFBC 

plants 

selected 

No of 

IGCC 

plants 

selected 

Total 

cost 

in G$ 

CO 2 

emiss 

ion m 

TKg 

SO 2 

emissi 

on in 

GKg 

NO 

emissi 

on in 

GKg 

+20% 

122 

16 

4 

30 

10 

10 


4 80 

25 08 

11 87 

20% 



4 

30 

10 

10 

59 19 

4 81 

25 22 

11 88 

40% 

123 

15 

4 

30 

10 

10 

54 79 

4 81 

25 32 

1175 


e) Generation efficiency of new power plant 

In this c ise the change in efficiency of the PFBC and IGCC type plants were 
considered The plants efficiency has been changed +2% and +5% and then the 
package ran The results aie provided m the table 4 7 in this case there is practically 
no change in the planning results 


Tabic 4 7 Results with change in generation efficiency with 5% mitigation 


Chan 

gc in 

gener 

ation 

ellicic 

ncy 

No ol 

Coil 

500MW 

selected 

No of 

CCGT 

250 

selected 

No of 

Nuclcai 

500MW 

selected 


No of 

PFBC 

plants 

selected 

No of 

IGCC 

plants 

selected 

Total 

cost 

in G$ 

CO 2 

emis 

Sion 

in 

TKg 

SO 2 

emissi 

on in 

GKg 

NO 

emissi 

on in 

GKg 

+2% 

122 

16 

4 

30 

10 

10 

63 37 

4 81 

25 21 

11 89 

+5% 

122 

16 

4 

30 

10 

10 

63 30 

4 81 

25 22 

11 89 


53 

































4 3 2 Case 2 Mitigation Target of 10% over BAU 


This case is same as Case 1 except that the CO 2 emission reduction target is set 
at 10% over the BAU case The emission targets (Emqnt of eq (4 1)) is computed as 
the 90% of the totd COt emission for the BAU case (chapter 2) for each year of the 
planning years The lesults of the base case aie given below 

4 3 21 Base Case 

Base case utilizes all the data of BAU 1 case in chapter 3 and the emission 
constiaints The planning lesults listing the selected plants along with various cost 
components aie given in Table 4 8 and summary of the cost and emission values in 
Table 4 9 Compaiing the results of Table 4 8 & 4 9 with Tables 3 1 & 3 2 and Table 
2 5 & 2 6 following observations are made 

1 ) The selection of hydio PTBC and IGCC plants remain same m all the three 
cases There is considerable increase in the selection of CCGT plants The number of 
CCGT and nucleai plants selected in case of the 10% mitigation target are 53 & 4 
respectively and in the case of BAU 1 with efficient technologies there are 2 % 2 only 
The number of coal plants selected gets reduced 

2) The total cost in the case of least cost generation expansion planning with 10% 
mitigation tirget is around 4% more thm the least cost generation expansion planning 
with efficient technologies Total cost is also increased by 3% approximately than the 
BAU case of chapter 2 

3) The reduction m emissions of CO 2 SO 2 and NOx as compared to the least cost 
generation expansion planning with efficient technologies are around 8% 18% and 6% 
respectively The emission of SO 2 and NOx are 25% and 14% less than the BAU case m 
chapter 2, respectively 
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4 3 2 2 Sensitivity analyses 


The sensitivity 'inalysis results with respect to different parameters for the 10% 
CO 2 level mitigation aie given below 

a) Discount rate 

The discount rate was vaiied by +50% and -50% of the base case value and the 
summary of lesults obtained were given in Table 4 10 It can be observed that in both 
the cases all coal based thermal plants and hydro plants were selected With reduction 
in the discount rate total cost has considerably increased where as there is a marginal 
change m the emission level 


Table 4 10 Results with ch inge in discount 1 ite with 10% mitigation 


Discou 

nt Rate 

in % of 

BAU 

case 

No ol 

Coal 

500MW 

selected 

No oi 

CCGT 

250 

selected 

No of 

Nucle ir 

500MW 

selected 

No 

of 

Hydr 

0 250 

35% 

No of 

prBC 

plants 

selected 

No of 

IGCC 

plants 

selecte 

d 

Total 

cost m 

G$ 

CO 2 

eniis 

sion 

in 

TKg 

SO 2 

emiss 

ion in 

GKg 

NO 

emissi 

on in 

GKg 

+50% 

102 

5S 


30 

10 

10 

42 78 

4 60 





52 


30 

10 

10 

102 03 

4 60 

22 87 

11 35 


b) Fuel price 

Fuel prices were changed by following percentage 

• ±10% m the CO il price 

• ±25% and ±50% in the oil puce 

• ±25% vnd only +50% in the gas price 

The SLimmaiy of results 11 e given in Table 4 1 1 
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Table 4 1 1 Results with change in fuels cost with 10% mitigation 



a) Power demand 


The powei demand was changed by -20% of the base case value The result of 
plants selected total cost and vaiious emissions are given in the Table 4 12 



study The result is given in the Table 4 13 
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T\ble 4 13 Results with change m supply side capital costs with 10% mitigation 


Supply 

side 

capital 

cost in 

% ot 

BAU 

case 

No ol 

Coal 

500MW 

selected 

No of 

CCGT 

250 

selected 

No of 

Nuelear 

500MW 

selected 

No 

of 

Hydr 

o250 

35% 

No of 

PFBC 

plants 

selected 

No 

of 

IGCC 

plants 

select 

ed 

Total 

cost 

in G$ 

CO 2 

emiss 

ion m 

TKg 

SO 2 

emiss 

ion in 

GKg 

NO 

einissi 

on in 

GKg 


102 

53 

4 


10 

10 

68 92 

4 60 

2278 

11 14 

20% 

103 

52 

4 

30 

10 




22 83 

11 49 

40% 

102 

53 

4 

30 

10 

10 

56 38 

4 61 

23 02 

11 38 


e) Generation efficiency of new power plant 

In this c ISC the ch inge in efficiency of the PFBC and IGCC type plants were 
consideied The plants efficiency has been changed +2% and +5% and then the 
package ran for the analysis lesult The results were provided m the table 4 14 


Table 4 14 Results with change in geneiation efficiency with 10% mitigation 


Change m 

generation 

efficiency 

No ol 

Coal 

500MW 

selected 

No of 

CCGT 

250 

selected 

No of 

Nuclear 

500MW 

selected 

No 

of 

Hydr 

o250 

35% 

No 

of 

PFBC 

plants 

select 

ed 

No 

of 

IGCC 

plants 

select 

ed 

Total 

cost 

in G$ 

CO 2 

emiss 

ion in 

TKg 

SO 2 

emiss 

ion in 

GKg 

NO 

emissi 

on in 

GKg 

+2% 

102 

53 


30 

10 

10 

64 74 

4 60 

22 81 

1148 

+5% 

103 

52 

Bi 

30 

10 

10 

64 67 

4 60 

22 81 

11 48 


4 4 Conclusion 


The least cost generation expansion planning with the mitigation of 10% of 
GHG from the base case w is studied on NREB system 

• The hydro CCGT and PFBC plants selected were same for all the cases 
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• On change in discount rate the cost varies more in quantity and the other parameters 
aie varied marginally 

• The Highest CCGT nuclear plant selected and lowest coal plant selected with the — 
25% decrease m coal puce Total cost is highest on increase in gas price Emission 
levels are approximately constant 

• Change in power demand affect exactly in the same manner that of the case of 
5%mitigation 

• With use in supply side cost the total cost is rising and reduction of capital cost 
reduces the total cost 

• Change in efficiency has significantly no effect 
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CHAPTER 5 


CONCLUSION 


Greenhouse Gas (GHG) mitigation has been considered as one of the major 
concerns of the environment piotection through out the world with respect to the 
global waiming Since the powei plants are one of the mam contributors to such 
gases It is important to mtegiate this objective in the future expansion plans This 
thesis h IS m idc extensive studies of generation expansion planning incorporating the 
carbon dioxide (COi) emission mitigation constraint in the least cost model and also 
exploring the impact of two types of efficient supply side technology options viz 
Piessuiized Fluidized Bed Combustion (PFBC) and Integrated Gasification Combined 
Cycle (IGCC) 

Thiee different case studies considered were the traditional least cost planning 
least cost planning with efficient technologies and least planning with CO 2 emission 
mitigation constiaint Mitigation leduction targets of 5% and 10% were considered over 
the Business As Usual (BAU) case Vaiious sensitivity analyses were also carried out 
with lespect to the diinge in discount rate fuel prices power demand supply side 
capital cost and efficiency of efficient plants The results obtained on the Northern 
region il Electricity Bond (NREB) nctwoik using the IRPA package for 15 years 
planning hoii/on piovidc following mam conclusions 

• All the hydro pi lilts have been fully selected in each of the case studies This is due 

to consideration of zero operating cost and no emission from these plants 

• All candidate coal type plants were selected in the BAU and associated sensitivity 

analyses cases due to their lower cost However with the use of plants having 
efficient technologies and in GHG mitigation cases selection of number of coal 
based plants reduced 
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• Moie numbei ol CCGT and nuclear plants were selected in the cases having 

constraint on GHG mitigation due to relatively less pollution from these plants 

• With the use of efficient technologies such as PFBC and IGCC the reduction in cost 

as well as all types of pollutants i e CO2 SO2 and NO^ were observed Number of 
such plants selected remained same even with variation of different parameters 

• With the GHG emission limit constraint (only CO2 ifi this study) included in the 

planning methodology significant cost reduction in the total emissions of CO2 NOx 
and SO2 were observed over the BAU as well as BAU 1 cases both for the 5 % and 
10 % CO2 mitigation taigets The cost of generation m these cases however slightly 
incie ises 

• It wis obseived that the total cost incieased significantly with the deciease m 

discount 1 itc Howevei vaiiation in the discount rate has negligible effect on 
emission levels 

• The CO2 emission level is sensitive to only change in the gas price and remain 
almost s tme with change in oil and coal prices The Highest CCGT nuclear plant 
selected and lowest coal plant selected with the - 25 % decrease in coal price Total 
cost is highest on inciease m gas price Emission levels are approximately constant 

• Number of coal b ised nucleai and CCGT plants selected reduces considerably with 

deciease in powei demand Total cost and emission varies according to power 
dem md 

• Supply side cost variation affects the total cost significantly and has no effect on 

emission levels With inciease in the cost it selects more number of CCGT plants 
and with the reduction in the cost moie number of nuclear plants are selected 
speci illy in c ise of Ic ist cost planning with GHG (only CO2) mitigation 

• Change in ellicicncy ol the PFBC and IGCC plants by + 2 % and + 5 % has practically 

no effect on phnt selection cost and emission levels 

Consequent to the generation expansion planning studies carried out in this 
thesis following areas of futuie lesearch are identified 

• In the present case only two supply side efficient technology options 1 e PFBC and 

IGCC have been considered foi the emission reduction Other supply side options 
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as well IS demand side options can be considered in the generation expansion 
planning studies 

• The pumped stoi ige hydro plants have not been considered in the present study 

India has laige potential of such plants as well as for many non conventional type 
plants Such plants can also be considered as candidates in the planning studies 

• Many developing countiies aie encouraging use of distiibuted generation and 

adopting the deregulated electricity market These aspects can also be integrated in 
the generation expansion planning 
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ANNEX A 
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Table A 1 Basic Data Form 



Value 92 273 



































Table A 2 Load Data Form 



O 

o 






VO 














































































































Table A-3 Emission Data Form 






































Table A-4 Fuel Type Data 
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Table A 5 Plant Type Data 



TYPE NAME 


CONVENTIONAL COAL 



LIGNITE 


PFBC 


IGCC 


Table A 8 Candidate Thermal Power Plant Data 






Name 


Used Fuel Type 


Fuel ConsumpUon RUe Unit 


Fuel Consumption 


Calonfie Value (KBtu/KL) 


CO 2 Emission (Kg/MWh' 


SO 2 Emission (Kl/MWIi) 


O Emission (Ke/MWh) 


m 


Minimum Operating Capaeity (MW) 


Emliest Available Ycai 


Annual Allowable Max Unit 


Availability 


Unit Depreciable Capital Cost (000 $) 


Unit Non D^reciable Capital Cost (000 $) 


Heat Rale (Mcal/MWh) 


Opeiating Cost (000 $/MWh' 


Transmission Loss Rate 


Annual Maintenance Hours 


Unit Life Time 


Fixed Oper & Maint Cost (000 $/MWmonth) 


Number of the Eticl Tyne 


Number ol the Plant Type 


Plant Site No 


Minimum Selected Units in Ycir 2003 


Max Possible Incremental Units in Year 2003 


Minimum Selected Units in Yen 2004 


Max Possible Inciementivl Units in Year 2004 


Minimum Selected Units in Year 2005 


Max Possible Incicmcnlal Units in Year 2005 


Minimum Selected Units in Year 2006 


Max Possible Inciemental Units in Year 2006 


Minimum Selected Units in Year 2007 


COAL 500 


COAL 


CCGT 250 


GAS 


NUCLE 500 


NUCLEAR 





150 


071 


450000 


50000 


2500 


0 0012 


0 04 


864 


30 


2 


08 


175000 


19500 


2062 


0 0008 


0 04 


1296 


25 


Max Possible Incremental Units in Year 2007 

150 

Minimum Selected Units in Yeai 2008 

2 

Max Possible Incremental Units in Year 2008 

150 

Minimum Selected Units in Year 2009 

2 

Max Possible Incremental Units in Year 2009 

150 

Minimum Selected Units in Year 2010 

2 ' 


0 00027 


40635 


550 

0 

04 

0 

1 64 

0 

250 

500 

75 

125 




0 58 


600000 


66000 


2777 


0 0015 


0 04 


896 


30 


27 


8 


3 


0 


0 


0 


0 


0 


0 
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Max Possible Inciemental Units in Year 2010 

150 

75 

4 

Minimum Selected Units in Year 201 1 

2 

2 

2 

Max Possible Incicmental Units in Yeai 201 1 

150 

75 

4 

Minimum Selected Units in Year 2012 

2 

2 

2 

Max Possible Incremental Units in Year 2012 

150 

75 

4 

Minimum Selected Units in Year 2013 

2 

2 

2 

Max Possible Incremental Units in Year 2013 

150 

75 

4 

Minimum Selected Units in Year 2014 

5 

2 

2 

Max Possible Incremental Units in Year 2014 

150 

75 

4 

Minimum Selected Units in Year 2015 

5 

2 

2 

Max Possible Incremental Units in Year 2015 

150 

75 

4 

Minimum Selected Units in Year 2016 

2 

2 

2 

Max Possible Incremental Units in Year 2016 

150 

75 

4 

Minimum selected Units in Year 2017 

2 

2 

2 

Max Possible Incremental Units in Year 2017 

150 

75 

4 


Table A 9 C indidate Hydro Power Plant Data 


Candidate Hydio Plant No 

1 

Name Efficiency 


■ijiiii miiii'ii'i'*— ■ 

250 

Earliest Possible Available Yeat 

2 

Maximum Units 

5 

Availability 

09 

Unit Capitil Cost (000 $) 

250000 

Operating Cost (000 $/MWh) 

0 

Tiansmission Loss Rate 

0 04 

Life Time 

50 

Fixed Opel & Maint Cost 
(000 $/MWmonth) 

0 

Plant Development No 

0 

Plant Phase Ordct 

0 

Available Energy in Season 1 (MWh) 

262800 

Av ulable Energy in Season 2 (MWh) 

613200 
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Table A 6 Existing Thermal Power Plant Data 
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Table A 7 Existing Hydro Power Plant Data 


NAME 

Capacity 

(MW) 

EA 

year 

Avalllbility 

Opearting 
Cost 
(000 $/ 
MWh) 

W Y CANAL 1 

a 

2003 

0 87 

0 

W Y CANAL 2 

8 

2003 

0 87 

0 

W Y CANAL 3 

8 

2003 

0 87 

0 

W Y CANAL 4 

8 

2003 

0 87 

0 

W Y CANAL 5 

8 

2003 

0 87 

0 

W Y CANAL 6 

8 

2003 

0 87 

0 

ANDHRAU 1 3 

17 

2003 

0 87 

0 

hpsmall 

9 

2003 

0 87 

0 

BAIRASIUL 1 

60 

2003 

0 87 

0 

BAIRASIUL 2 

60 

2003 

0 87 

0 

BAIRASIUL 3 

60 

2003 

0 87 

0 

BANER 

12 

2003 

0 87 

0 

THIROT 

45 

2003 

0 87 

0 

GAJ 

105 

2003 

0 87 

0 

BASSl 1 

1o 

2003 

0 87 

0 

BASSl 2 

15 

2003 

0 87 

0 

BASSl 3 

15 

2003 

0 87 

0 

BASSl 4 

15 

2003 

0 87 

0 

BINWA 

6 

2003 

0 87 

0 

CHAMERA 1 1 

180 

2003 

0 87 

0 

CHAMERA I 2 

180 

2003 

0 87 

0 

CHAMERA I 3 

180 

2003 

0 87 

0 

QIRIBATA 1 

30 

2003 

0 87 

0 

GIRIBATA 2 

30 

2003 

0 87 

0 

SANJAYBHAB 

40 

2003 

0 87 

0 

A1 

SANJAYBHAB 

A 2 

SANJAYBHAB 

40 

2003 

0 87 

u 

40 

2003 

0 87 

0 

A3 

CHENANI 

23 

2003 

0 87 

u 

QANDERBAL 

1^ 

2003 

0 87 

0 

J&K SMALL 

6 

2003 

0 87 

0 

KARQIL 

4 

2003 

0 87 

0 

LOWERJHELU 

105 

2003 

0 87 

0 

M 

MOHORA 

9 

2003 

0 87 

u 

SALAL I 1 

115 

2003 

0 87 

0 

SAUL I 2 

115 

2003 

0 87 

0 

SALAL I 3 

115 

2003 

0 87 

0 

SALAL II 1 

115 

2003 

0 87 

0 

SAUL II 2 

115 

2003 

0 87 

0 

SAUL II 3 

115 

2003 

0 87 

0 

UPPERSINDH 

22 6 

2003 

0 87 

0 

I 

URI 1 

120 

2003 

0 87 

0 

URI 2 

120 

2003 

0 87 

0 

URI 3 

120 

2003 

0 87 

0 

URI 4 

120 

2003 

0 87 

0 


Fixed 
O&M cost 
(000 $/ 
MWmonth) 
1 39 

1 39 
1 39 
1 39 
1 39 
1 39 
1 39 
1 39 
1 39 
1 39 
■I 39 
1 39 
1 39 
1 39 
1 39 
1 39 
1 39 
1 39 
1 39 
1 39 
1 39 
1 39 
1 39 
1 39 
1 39 

1 39 

1 39 

1 39 
1 39 
1 39 
1 39 
1 39 

1 39 
1 39 
1 39 
1 39 
1 39 
1 39 
1 39 
1 39 

1 39 
1 39 
1 39 
1 39 


Energy 

Seasoni 

(MWh) 

11000 

11000 

11000 

11000 

11000 

11000 

24000 

36000 

57000 

57000 

57000 

14000 

19000 

5000 

28000 

28000 

28000 

28000 

14000 

314000 

314000 

315000 

48000 

48000 

78000 

78000 

79000 

30000 

13000 

5000 

5000 

171000 

26000 

339000 

339000 

339000 

142000 

142000 

142000 

33000 

175000 

175000 

5000 

175000 


Energy 

Season2 

(MWh) 

31000 

31000 

31000 

31000 

31000 

31000 

33000 

57000 

190000 

191000 

190000 

23000 

29000 

9000 

49000 

49000 

49000 

49000 

27000 

400000 

400000 

400000 

77000 

77000 

113000 

113000 

113000 

60000 

26000 

9000 

9000 

362000 

53000 

508000 

508000 

509000 

212000 

212000 

213000 

68000 

407000 

407000 

407000 

407000 


77 



anandpursa 

34 

2003 

0 87 

HIB1 

anandpursa 

34 

2003 

0 87 

HIB2 

anandpursa 

34 

2003 

0 87 

HIB3 

anandpursa 

34 

2003 

0 87 

HIB4 

BEASDEHAR 1 

165 

2003 

0 87 

BEASDEHAR 2 

165 

2003 

0 87 

BEASDEHAR 3 

165 

2003 

0 87 

BEASDEHAR 4 

165 

2003 

0 87 

BEASDEHAR 5 

165 

2003 

0 87 

BEASDEHAR 6 

165 

2003 

0 87 

BEASPONG 1 

60 

2003 

0 87 

BEASPONG 2 

60 

2003 

0 87 

BEASPONG 3 

60 

2003 

0 87 

BEASPONG 4 

60 

2003 

0 87 

BEASPONG 5 

60 

2003 

0 87 

BEASPONG 6 

60 

2003 

0 87 

BHAKRA(LB) 1 

108 

2003 

0 87 

BHAKRA(LB) 2 

108 

2003 

0 87 

BHAKRA(LB) 3 

108 

2003 

0 87 

BHAKRA(LB) 4 

108 

2003 

0 87 

BHAKRA(LB) 5 

108 

2003 

0 87 

BHAKRA(RB) 1 

142 

2003 

0 87 

BHAKRA(RB) 2 

142 

2003 

0 87 

BHAKRA(RB) 3 

142 

2003 

0 87 

BHAKRA(RB) 4 

142 

2003 

0 87 

BHAKRA(RB) 5 

142 

2003 

0 87 

GANGUWAL 1 

29 

2003 

0 87 

GANGUWAL 2 

25 

2003 

0 87 

GANGUWAL 3 

24 

2003 

0 87 

KOTLA 1 

29 

2003 

0 87 

KOTLA 2 

25 

2003 

0 87 

KOTLA 3 

24 

2003 

0 87 

MUKERIAN 1 

15 

2003 

0 87 

MUKERIAN 2 

15 

2003 

0 87 

MUKERIAN 3 

15 

2003 

0 87 

MUKERIAN 4 

15 

2003 

0 87 

MUKERIAN 5 

15 

2003 

0 87 

MUKERIAN 6 

15 

2003 

0 87 

MUKERIAN 7 

20 

2003 

0 87 

MUKERIAN 8 

19 

2003 

0 87 

MUKERIAN 9 

20 

2003 

0 87 

MUKERIAN 10 

19 

2003 

0 87 

MUKERIAN 11 

20 

2003 

0 87 

MUKERIAN 12 

19 

2003 

0 87 

SHANAN 1 

15 

2003 

0 87 

SHANAN 2 

15 

2003 

0 87 

SHANAN 3 

15 

2003 

0 87 

SHANAN 4 

15 

2003 

0 87 

SHANAN 5 

50 

2003 

0 87 

UBDC 1 

15 

2003 

0 87 

UBDC2 

15 

2003 

0 87 

UBDC 3 

16 

2003 

0 87 


0 

1 39 

61000 

166000 

0 

1 39 

61000 

166000 

0 

1 39 

61000 

166000 

0 

1 39 

62000 

166000 

0 

1 39 

197000 

367000 

0 

1 39 

197000 

367000 

0 

1 39 

197000 

367000 

0 

1 39 

197000 

367000 

0 

1 39 

197000 

367000 

0 

1 39 

198000 

367000 

0 

1 39 

84000 

226000 

0 

1 39 

84000 

226000 

0 

1 39 

84000 

226000 

0 

1 39 

84000 

226000 

0 

1 39 

84000 

226000 

0 

1 39 

84000 

226000 

0 

1 39 

156000 

346000 

0 

1 39 

156000 

346000 

0 

1 39 

156000 

346000 

0 

1 39 

156000 

347000 

0 

1 39 

156000 

347000 

0 

1 39 

205000 

455000 

0 

1 39 

205000 

455000 

0 

1 39 

205000 

455000 

0 

1 39 

205000 

455000 

0 

1 39 

205000 

455000 

0 

1 39 

43000 

150000 

0 

1 39 

43000 

150000 

0 

1 39 

43000 

150000 

0 

1 39 

43000 

150000 

0 

1 39 

43000 

150000 

0 

1 39 

43000 

150000 

0 

1 39 

27000 

71000 

0 

1 39 

27000 

71000 

0 

1 39 

27000 

71000 

0 

1 39 

27000 

71000 

0 

1 39 

27000 

71000 

0 

1 39 

27000 

71000 

0 

1 39 

36000 

93000 

0 

1 39 

36000 

93000 

0 

1 39 

36000 

93000 

0 

1 39 

36000 

93000 

0 

1 39 

36000 

93000 

0 

1 39 

36000 

93000 

0 

1 39 

35000 

60000 

0 

1 39 

35000 

60000 

0 

1 39 

36000 

60000 

0 

1 39 

36000 

60000 

0 

1 39 

70000 

120000 

0 

1 39 

22000 

21000 

0 

1 39 

22000 

21000 

0 

1 39 

22000 

21000 
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UBDC4 

15 

2003 

0 87 

0 

1 39 

22000 

21000 

UBDC5 

15 

2003 

0 87 

0 

1 39 

22000 

21000 

UBDC 6 

15 

2003 

0 87 

0 

1 39 

22000 

22000 

ANOOPQARH 

9 

2003 

0 87 

0 

1 39 

0 

4000 

JAWAHARSAQ 

AR 

99 

2003 

0 87 

0 

1 39 

82000 

348000 

MAHI 1 

25 

2003 

0 87 

0 

1 39 

13000 

55000 

MAHI 2 

25 

2003 

0 87 

0 

1 39 

13000 

57000 

MAHI 3 

45 

2003 

0 87 

0 

1 39 

22000 

95000 

MAHI 4 

45 

2003 

0 87 

0 

1 39 

22000 

95000 

R P SAGAR 

172 

2003 

0 87 

0 

1 39 

91000 

513000 

RAJ SMALL 

14 

2003 

0 87 

0 

1 39 

0 

9000 

CHIBRO 1 

60 

2003 

0 87 

0 

1 39 

87000 

147000 

CHIBRO 2 

60 

2003 

0 87 

0 

1 39 

87000 

147000 

CHIBRO 3 

60 

2003 

0 87 

0 

1 39 

87000 

147000 

CHIBRO 4 

60 

2003 

0 87 

0 

1 39 

87000 

147000 

DHAKRANI 1 

11 

2003 

0 87 

0 

1 39 

16000 

37000 

DHAKRANI 2 

11 

2003 

0 87 

0 

1 39 

16000 

37000 

DHAKRANI 3 

12 

2003 

0 87 

0 

1 39 

16000 

37000 

DHALIPUR 1 

17 

2003 

0 87 

0 

1 39 

27000 

63000 

DHALIPUR 2 

17 

2003 

0 87 

0 

1 39 

27000 

63000 

DHALIPUR 3 

17 

2003 

0 87 

0 

1 39 

27000 

64000 

KHARA 1 

24 

2003 

0 87 

0 

1 39 

41000 

91000 

KHARA 2 

24 

2003 

0 87 

0 

1 39 

41000 

91000 

KHARA 3 

24 

2003 

0 87 

0 

1 39 

41000 

91000 

KHATIMAGAN 

QA 

41 4 

2003 

0 87 

0 

1 39 

59000 

139000 

KHODRI 1 

30 

2003 

0 87 

0 

1 39 

38000 

71000 

KHODRI 2 

30 

2003 

0 87 

0 

1 39 

38000 

71000 

KHODRI 3 

30 

2003 

0 87 

0 

1 39 

39000 

71000 

KHODRI 4 

30 

2003 

0 87 

0 

1 39 

39000 

71000 

KULHALST IV 

1 

KULHALST IV 

10 

2003 

0 87 

0 

1 39 

16000 

37000 

10 

2003 

0 87 

0 

1 39 

16000 

37000 

2 

KULHALST IV 

o 

10 

2003 

0 87 

0 

1 39 

16000 

37000 

O 

CHILLA 1 

36 

2003 

0 87 

0 

1 39 

52000 

120000 

CHILLA 2 

36 

2003 

0 87 

0 

1 39 

52000 

120000 

CHILLA 3 

36 

2003 

0 87 

0 

1 39 

52000 

121 000 

CHILLA 4 

36 

2003 

0 87 

0 

1 39 

52000 

121000 

MANERIBHALI 

11 

MANERIBHALI 

I2 

MANERIBHALI 

30 

2003 

0 87 

0 

1 39 

19000 

99000 

30 

2003 

0 87 

0 

1 39 

19000 

99000 

30 

2003 

0 87 

0 

1 39 

19000 

99000 

I3 

MATATILA 1 

10 

2003 

0 87 

0 

1 39 

16000 

27000 

MATATILA 2 

10 

2003 

0 87 

0 

1 39 

16000 

27000 

MATATILA 3 

10 

2003 

0 87 

0 

1 39 

17000 

27000 

OBRA 1 H 

33 

2003 

0 87 

0 

1 39 

26000 

100000 

OBRA 2 H 

33 

2003 

0 87 

0 

1 39 

26000 

100000 

OBRA 3 H 

33 

2003 

0 87 

0 

1 39 

26000 

100000 

RAMQANQA 1 

66 

2003 

0 87 

0 

1 39 

0 

98000 

RAMQANQA 2 

66 

2003 

0 87 

0 

1 39 

0 

98000 

RAMQANQA 3 

66 

2003 

0 87 

0 

1 39 

0 

99000 

RIHAND 1 

50 

2003 

0 87 

0 

1 39 

34000 

138000 

RIHAND 2 

50 

2003 

0 87 

0 

1 39 

34000 

138000 
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RIHAND 3 

50 

2003 

0 87 

0 

1 39 

34000 

137000 

RIHAND 4 

50 

2003 

0 87 

0 

1 39 

34000 

137000 

RIHAND 5 

50 

2003 

0 87 

0 

1 39 

34000 

137000 

RIHAND 6 

50 

2003 

0 87 

0 

1 39 

34000 

137000 

TANAKPUR 1 

30 

2003 

0 87 

0 

1 39 

41000 

69000 

TANAKPUR 2 

30 

2003 

0 87 

0 

1 39 

41000 

69000 

TANAKPUR 3 

30 

2003 

0 87 

0 

1 39 

41000 

69000 

gangacanal 

45 2 

2003 

0 87 

0 

1 39 

32000 

118000 

SOBLA 

6 

2003 

0 87 

0 

1 39 

0 

53000 

TANAKPUR 4 

30 

2003 

0 87 

0 

1 39 

41000 

70000 

DADUPUR 

6 

2003 

0 87 

0 

1 39 

5000 

13000 

WYC II 

16 

2003 

0 87 

0 

1 39 

16000 

48000 

BASPAII 1 

100 

2003 

0 87 

0 

1 39 

161000 

241000 

BASPAII 2 

100 

2003 

0 87 

0 

1 39 

161000 

241 OOO 

BASPAII 3 

100 

2003 

0 87 

0 

1 39 

161000 

241000 

CHAMERA II 1 

100 

2004 

0 87 

0 

1 39 

170000 

254000 

CHAMERA II 2 

100 

2004 

0 87 

0 

1 39 

169000 

254000 

CHAMERA II 3 

100 

2004 

0 87 

0 

1 39 

169000 

254000 

KOLDAM 1 

200 

2006 

0 87 

0 

1 39 

307000 

461000 

KOLDAM 2 

200 

2006 

0 87 

0 

1 39 

307000 

461000 

KOLDAM 3 

200 

2007 

0 87 

0 

1 39 

307000 

461000 

KOLDAM 4 

200 

2007 

0 87 

0 

1 39 

307000 

461000 

LARJI1 3 

126 

2004 

0 87 

0 

1 39 

131000 

196000 

GHANVI 

22 5 

2003 

0 87 

0 

1 39 

18000 

26000 

NATHPAJHAK 

500 

2003 

0 87 

0 

1 39 

663000 

996000 

Rl 1&2 

NATHPAJHAK 

250 

2003 

0 87 

0 

1 39 

332000 

497000 

Rl 3 

NATHPAJHAK 

250 

2003 

0 87 

0 

1 39 

332000 

497000 

RI4 

NATHPAJHAK 

250 

2003 

0 87 

0 

1 39 

332000 

497000 

Rl 5 

NATHPAJHAK 

250 

2003 

0 87 

0 

1 39 

332000 

497000 

Rl 6 

PARVATI II 1 

200 

2006 

0 87 

0 

1 39 

318000 

476000 

PARVATI II 2 

200 

2006 

0 87 

0 

1 39 

318000 

476000 

PARVATI II 3 

200 

2007 

0 87 

0 

1 39 

318000 

476000 

PARVATI II 4 

200 

2007 

0 87 

0 

1 39 

318000 

476000 

CHENANI II 

75 

2003 

0 87 

0 

1 39 

6000 

12000 

DULHASTI 1 

130 

2003 

0 87 

0 

1 39 

257000 

386000 

DULHASTI 2 

130 

2003 

0 87 

0 

1 39 

257000 

386000 

DULHASTI 3 

130 

2003 

0 87 

0 

1 39 

257000 

386000 

PAHALQAON 

3 

2003 

0 87 

0 

1 39 

2000 

3000 

PARNAIHEP1 

125 

2003 

0 87 

0 

1 39 

26000 

54000 

SEWA III 

9 

2003 

0 87 

0 

1 39 

16000 

31000 

UPPERSINDH 

II 

UPPERSINDH 

70 

2003 

0 87 

0 

1 39 

53000 

109000 

35 

2003 

0 87 

0 

1 39 

27000 

54000 

III 

SHAHPURKHA 

40 

2004 

0 87 

0 

1 39 

51000 

115000 

NDI 

SYLCANAL 

50 

2003 

0 87 

0 

1 39 

127000 

190000 

THEINDAM 1 

150 

2003 

0 87 

0 

1 39 

105000 

235000 

THEINDAM 2 

150 

2003 

0 87 

0 

1 39 

106000 

235000 

THEINDAM 3 

150 

2003 

0 87 

0 

1 39 

106000 

235000 

THEINDAM 4 

150 

2003 

0 87 

0 

1 39 

106000 

235000 

JAKHAM 

5 

2003 

0 87 

0 

1 39 

5000 

22000 

KATAPATHAR 

19 

2006 

0 87 

0 

1 39 

19000 

35000 
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HE 


dhauligang 

A 1 1 

140 

2004 

0 87 

0 

1 39 

198000 

369000 

dhauligang 

A I 2 

140 

2004 

0 87 

0 

1 39 

198000 

369000 

KOTESHWAR 

1 

KOTESHWAR 

2 

100 

2005 

0 87 

0 

1 39 

108000 

200000 

100 

2005 

0 87 

0 

1 39 

108000 

200000 

KOTESHWAR 

3 

100 

2006 

0 87 

0 

1 39 

108000 

200000 

KOTESHWAR 

4 

100 

2006 

0 87 

0 

1 39 

108000 

200000 

LAKHWAR[VY 

100 

2005 

0 87 

0 

1 39 

55000 

103000 

ASI]1 

LAKHWAR[VY 

100 

2005 

0 87 

0 

1 39 

55000 

103000 

ASI]2 

MANERIBH II 1 

76 

2004 

0 87 

0 

1 39 

82000 

152000 

MANERIBH II 2 

76 

2004 

0 87 

0 

1 39 

82000 

152000 

MANERIBH II 3 

76 

2004 

0 87 

0 

1 39 

82000 

152000 

MANERIBH II 4 

76 

2004 

0 87 

0 

1 39 

82000 

152000 

RAJQHAT50/ 

22 

2003 

0 87 

0 

1 39 

15000 

29000 

TEHRISTI 1 

250 

2003 

0 87 

0 

1 39 

251000 

466000 

TEHRISTI 2 

250 

2003 

0 87 

0 

1 39 

251000 

466000 

TEHRISTI 3 

250 

2003 

0 87 

0 

1 39 

251000 

466000 

TEHRISTI 4 

250 

2003 

0 87 

0 

1 39 

251000 

466000 

VISHNUPRAY 

100 

2003 

0 87 

0 

1 39 

118000 

220000 

AG 1 

VISHNUPRAY 

100 

2003 

0 87 

0 

1 39 

118000 

220000 

AG 2 

VISHNUPRAY 

100 

2003 

0 87 

0 

1 39 

118000 

220000 

AG 3 

VISHNUPRAY 

100 

2003 

0 87 

0 

1 39 

118000 

220000 

AQ 4 

VYASI[LAKWA 

R] 

LAKHWARVYA 

120 

2004 

0 87 

0 

1 39 

132000 

244000 

100 

2005 

0 87 

0 

1 39 

55000 

103000 

SI3 

PARNAIHEP2 

125 

2004 

0 87 

0 

1 39 

26000 

54000 

PARNAIHEP3 

125 

2004 

0 87 

0 

1 39 

26000 

54000 

TEHRIII 1 

250 

2005 

0 87 

0 

1 39 

251000 

465000 

TEHRIII 2 

250 

2005 

0 87 

0 

1 39 

251000 

465000 

TEHRIII 3 

250 

2006 

0 87 

0 

1 39 

251000 

465000 

TEHRI II 4 

250 

2006 

0 87 

0 

1 39 

251000 

465000 

SHAHPURKHA 

40 

2004 

0 87 

0 

1 39 

51000 

114000 

NDI 

SHAHPURKHA 

40 

2004 

0 87 

0 

1 39 

51000 

114000 

NDI 

SHAHPURKHA 

40 

200^ 

0 87 

0 

1 39 

51000 

114000 

NDI 

SHAHPURKHA 

8 

2004 

0 87 

0 

1 39 

10000 

23000 

NDI 

MALANAHEP 

86 

2004 

0 87 

0 

1 39 

123000 

185000 


81 



ANNEX B 
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Table B 1 Plant Type Data Form 





CONVENTIONAL COAL 

\mmm 

COMBINED CYCLE GAS TURBINE 

3 

NUCLEAR 

4 

IIGNIIE 

5 

PTBC 

6 

IGCC 


Table B 2 Candidate Thermal Power Plant Data Porm 


Candidate Thermal Plant No 

1 

2 

3 

4 

5 

Name 

COAL 500 

CCGT 

250 

NUCLE 

500 

PFBC 

500 

IGCC 

500 

Used Fuel Type 

COAL 

mm 


COAL 

COAL 

Fuel Consumption Rate Unit 

000 Kg/K 

Wh 

000 Kg/ 
MWh 

000 Kg/ 
MWh 

000 Kg/ 
MWh 

000 Kg/ 
MWh 

Fuel Consumption 

07 

0 2 0 00027 

051 

051 

Calorilic V iluc (KBlu/Kfe) 

13 5 

34 52 

40635 1 

15 56 

15 56 

COo Emission (Kg/MWh) 

1026 

550 



551 

SO-) Emission (K|,/MW!i) 

6 

04 

0 

0 255 

0 235 

NO„ Emission (Ka/MWh) 

25 

1 64 

0 

06 

0 6 

Capacitv IMWI 

500 


500 

450 

400 

Minimum Operating C ipacity CMW) 

150 

75 

125 

150 

150 

Eailiest Available Ye ii 

1 

1 

4 

3 

3 

Annual Allowable Max Unit 

150 

75 

4 


10 

Availability 

071 

08 

0 58 

0 85 

0 85 

Ttmt Denreci ible Canilal Cost (000 li) 

450000 

175000 

600000 

475000 

500000 

Unit Non Depieciablc Capital Cost (000 $) 

50000 



52750 

55550 

Mr'ii Rate fMcal/MWlO 

2500 


2777 

2013 

1850 

Onp.iatinp Cost (000 $/MWh) 


0 0008 

0 0015 

0 0012 

0 00127 

Ti nnomis.sinn I.oss Rate 

004 

0 04 

0 04 

0 04 

0 04 

ISSiSiaSSSnt9S5555sMPVnlilliiHHHHIIIiH[il^^^^^^l 

864 

1296 

896 

864 

864 



25 

30 

30 

30 


2 

1 67 

27 

22 

2 32 


4 

7 

8 

4 



1 

2 

3 

5 



0 


0 

0 

u 

<3^>lf>r'if'rl TIniis in Year 2004 

2 

2 

0 

0 

0 


150 

75 

0 

0 

0 


2 

2 

0 

0 

0 


150 

75 

0 

0 

0 


2 

2 

0 

2 

2 


150 

75 

0 

10 

10 

Minimum Selected Units in Year 2006 

2 

2 

0 

0 

2 

10 

2 

10 

Max Possible Incremental Units in Year zuuo 

Minimum Selected Units in Year 2UU_/ — 

Max Possible Incremental Units in Year 2007 

Minimum Selected Units in Year 2008 _ 

Max Possible Incremental Units in Year 2008 

150 

2 

150 

2 

150 

Ij 

2 

75 

2 

75 

2 

0 

0 

2 

4 

2 

2 

10 

2 

10 

2 

2 

10 

2 

10 

2 

Minimum Selected Units in Year 200>> 

1 


— 


83 




















































































Max Possible Incremental Units in Year 2009 

150 

15 

4 

10 

10 

Minimum Selected Units in Year 20010 

2 

2 

2 

2 

2 

Max Possible Increment il Units in Year 2010 

150 

75 

4 

10 

10 

Minimum Selected Units in Ycai 2011 

2 

2 

2 

2 

2 

Max Possible Inciemental Units in Year 201 1 

150 

75 

4 


10 

Minimum Selected Units in Year 2012 

2 

2 

2 

2 

2 

Max Possible Inciemental Units in Year 2012 

150 

75 

4 

10 

10 

Minimum Selected Units in Year 2013 

5 

2 

2 

2 

2 

Max Possible Inciemental Units in Yeai 2013 

150 

75 

4 

10 

10 

Minimum Selected Units in Year 2014 

5 

2 

2 

2 

2 

Max Possible Inciemental Units in Year 2014 

150 

75 

4 

10 

10 

Minimum Selected Units in Yeai 2015 

2 

2 

2 

2 

2 

Max Possible Incremental Units in Year 2015 

150 

75 

4 

10 

10 

Minimum Selected Units in Year 2016 

2 

2 

2 

2 

2 

Max Possible Inciemental Units in Year 2016 

150 

75 

4 

10 

10 

Minimum selected Units in Year 2017 

2 

2 

2 

2 

2 

Max Possible Inclement il Units in Ye ir 2017 

150 

75 

4 

10 

10 
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Table C 1 Basic Data Form 
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Table C 2 Emission Data Form 
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Table D 1 Emission Data Form 
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rigute-1 Power generated by each type of plants m India 



Figure 2 Countnes potential for different sources 
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figure 3 Annual system load factor for whole planning horizon 



Figure 4 Annual system peak demand (forecasted) for whole planmng horizon 
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Figure 5 Generation vs Demand in NREB system 



Figure 6 Load Duration Curve for both seasons m India 
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Table E 1 Utility boiler source performance 



Emission Factor (kg/TJ 

energy input) 

Basic Technology 

Configuration 

NOx 

Coal 

Pulveiized Bituminous 

Combustion 

Dry Bottom wall fired 

380 

Dry Bottom 

tangentially fired 

250 

Wet Bottom 

590 

Bituminous Spieader 

Stokers 

With and without re 

injection 

240 

Bituminous Fluidized 

Bed Combustion 

Ciiculating Bed 

68 

Bubbling Bed 

270 

Pulveiized Lignite 

Combustion 

Dry Bottom tangentially 

filed 

130 

Dry Bottom wall fired 

200 

- 

Natural Gas 

Laige Gas Fiicd Gas 

Turbine > 3MW 


190 


94 










REFERENCES 


1 Activities Implemented Jointly Partnership for Climate and Development 

International Eneigy Agency 1997 

2 Andiews J C and S Govil Regulating reform and Risk Management in the US 

Electricity Sectoi Energy Policy Vol 23 No 10 1995 pp 885 892 

3 Asia Least cost Green Plouse Gas Abatement Strategy (ALGAS) Project 

Unpublished Country Papers ALGAS Final Regional Workshop 12 14 Nov 1997 
Manila 

4 ASEAN Encigy Review Asian EC Energy Management Training and Research 

Ccnlci (AEEMTRC) Jikaita 1996 

5 Asian Institute of Technology Thailand Methodology Training Program October 

18 22 1999 


6 Blown M A Scenarios of US Carbon Reduction 
Efficient ind Low Carbon Technologies by 



Potential Impact of Energy 
2010 and beyond 1996 


7 Calthrop E and Madison D The Dose Response Function Approach to Modeling 
the Health Effects of Air Pollution Energy policy vol 24 No 7 1996 pp 599 
607 


8 Canadian Energy Research Institute and Tata Energy Research Institute 

(CERI/TERI) Planning foi the Indian Power Sector Environmental and 
Development Considerations Tata Energy Research Institute India 1996 

9 Cciuril Elect! lulyAulho.lly(CEA) Fomth National Power Plan 1997 2012 CEA 

Government of India 1996 


10 Chambeis A IGCC Olfeis Diversity for Competitive Generation Power 
Engmeeiing Novembei 1997 

11 Chattopadhya DandJK Parikh COa Emission Reduction from the Power System 

in India Natural Resources Forum Vol 17 No 4 1993 


12 Chowdhuty B H Emission Control AltemaUves for Electric Utility Power Plants 
Energy Sources Vol 18 pp 393 406 1996 

13 Corman J and Paul, TC Power System for 

Combined Cycle GER 3935 GE Power Systems Schenectady NY 19 


95 



14 Elect! icity Generating Authority of Thailand (EG AT) General Information EGAT 
Power Development Plan (PDF 95 01) EGAT Thailand 1995 

15 Electiicity Geneiating Authoiity of Thailand (EGAT) EGAT Power Development 
Plan EGAT Thailand 1997 

16 Electricity Geneiating Authoiity of Thailand (EGAT) EGAT Power Development 
Plan (Revised PDP 99 01) General Information System Planning Department 
EGAT Thailand 1999 

17 Electricity Meeting Needs with Least Environmental Impacts Thailand 
Enviionmental Institute 1995 

18 Electricity Utilities Data Book for Asia and the Pacific Region Asian Development 
Bank Manih 1993 

19 Energy Statistics and Balances of Non OECD Countries 1994 1995 International 
Eneigy Agency Pans 1997 

20 Environment il Protection Act by Cential Pollution Control Board New Delhi 
1986 

21 Fifteenth Electric Power Survey of India Published by CEA 1995 

22 First Progress Report as project on Mitigation of GHG from the power sector 

I IT Kanptii and CEA New Delhi July 1999 

23 Fourth National Power Plan 1997 2012 EPIS New Delhi 

24 Hill L J Integrating Methods and Resource Selection in Electric Utility Planning 
Utilities Policy Vol 3 No 1 1993 pp 57 61 

25 Hoog D T and A F Hobbs An Integrated Resource Planning Model considering 
Customei Value Emission and Regional Economic Impacts Energy Vol 18 No 

II 1993 pp 1153 1160 

26 India Power and Ml astructuie Repoit April 1999 

27 Intarapravich D Johnson CJ Li B Long S Pezeshki Prawiraatmadja W 
tang F C and Wu K 1996 Asia Pacific Energy supply and Demand to 2010 
Energy, Vol 21 No 11 1996 pp 1017 1039 

28 Intergovernmental Panel on Climate Change (IPCC) Impacts Adaptation and 
Mitigation of Climate Scientific Technical Analysis Second Assessment Report of 
the IPCC Cambridge University Press 1996 

29 International Atomic Energy Agency Expansion Planning for Electrical generating 
System A Guidebook International Atomic Energy Efficiency Vienna 1984 


96 



30 International Atomic Energy Agency (Wien Automatic System Planning Package 
(WASP) Volume 1 IAEA Vienna Austria 1995 

31 Kane R and D W South Potential Fossil Energy Related Technology Options 
to Reduce Gieenhouse Gas Emissions Energy Technologies for Reducing 
Emissions ol Gieenhouse Gases Proceeding of an Expert s Seminar Pans 12 14“ 
Apiil 1989 

32 Kant R Economic Aspects of the Use of Beneficiated Coal for Thermal Power 
Stations Water and Energy 2001 International R&D Conference New Delhi 
India 1995 

33 Kesslei J B Seillo and Harpel Is Natural gas really the answer‘d Targeting 
Natural Gas in US Climate Change Mitigation Policy Energy Policy Vol 22 No 
7 1994 pp 623 628 

34 Kyoto Conlciencc of the Paities thud session 1 10 December 1997 Agenda item 
5 

35 Maikmdya A Environmental Cost and Powei System Planning Utility Policy 
Stiategy Perfoimance and Regulation Vol 1 No 1 1995 pp 13 27 

36 Mithui A Potential for Introducing Advanced Technology for Power Generation 
in India Proceedings of the Tiaining Woikshop on Environmental Issues Related to 
Electiic Powei Generation Project in India 4 6 March 1993 Jaipur India 
Published by ADB 1993 

37 Maya R S and Fenhann J Methodological Lessons and Results from UNEPGHG 
Abatement Costing Studies Eneigy Policy Vol 22 No 11 1993 pp 955 963 

38 Meiei P and M Munasinghe Greenhouse Gas Emission Reduction A Case Study 
of Sii Lanka The Energy Journal Vol 6 No 4 1995 pp 79 107 

39 MIT Energy Laboratoiy Electiical generation Analysis System (EGEAS) 
EPRIEL 2561 Final Report 1982 

40 Mumta/ A Ovei view of WASP IV Additional Features Reports presented m the 
Regional Seminar to Exchange Information and Experience on National Efforts m 
Developing Countries Specific Database to Support Comparative Assessment AFT 
Bangkok May 1999 

41 OECD Glob il Winning Economic Dimension and Policy Responses Pans 1995 

42 Pabla A S Electrical Power System planning Macmillan India Limited 1996 


97 



43 Peirson P J G and R Foquett Energy Efficiency Economic Efficiency and Future 
CO 2 Emissions from the Developing World The Energy Journal Vol 17 No 4 
1996 

44 Power Line Vol 3 No 7 April 1999 issue 

45 Power Supply Industry in India Highlights by Electric Power Information Society 
(EPIS) New Delhi March 1998 

46 Remheimer H 650 MW Combined Cycle Plant for Ganhda India Modem 
Power Systems September 1992 pp 47 56 

47 Report on Perspective of National Power Development upto 2006 2007 CEA 
Sept 1991 

48 Rose A Tomes T and Labys W Clean Coal Technologies and Future 
Piospects for Coal Annual Review of Energy Environment Vol 16 1991 pp 59 
90 

49 Sarmi EAS Maggo J N and Snchedeva AS India s Energy Scenario in 
2020 Paper presented at the 17’’’ congress of the World Energy Council held at 
Houston USA Sept 1998 

50 Shrestha R M and G R Timilsma Factors Affecting CO 2 Intensities of Power 
Sector in Asia A Divisia decomposition Analysis Energy Economics Vol 18 
No 4 1996 pp 283 293 

51 Shrestha RM H Samarakoon and R Shrestha Assessment of Efficient Demand 
and Supply Side Greenhouse Gas Mitigation from an Integrated Resource Planning 
Perspective Energy Program ATT Bangkok Submitted to Sida Sweden (1997) 

52 Shrestha RM and SC Bhattacharya Technological and Policy Option to 
Reduce Acid Rain Causing Emission in Asia First National Workshop on Acid 
Rain and Emissions Reduction in Asia Organized by UNEP/EAP AP Sponsored 
by Asian Development Bank 1998 

53 Tavoulareas E S and Charpentier J P Clean Coal Technologies for Developing 
Countries World Bank Technical Paper Number 186 Energy Series The World 
Bank Washington D C USA 1995 

54 Toufiq A S Implication of Global Climate Change Concerns for Electncity 
Supply in the Asia Pacific Region Asia Pacific Electricity Development Specialist 
Group Meeting Ho Chi Mmh City Vietnam 21 23 August 1995 

55 United Nations Environmental Program (UNEP) Greenhouse Gas Mitigation 
Costing Studies UNEP Nairobi 1992 


98 


56 US Country Study Progiam (USCSP) Interim Report on Climate Change Country 
Studies US Countiy Study Management Team Washington 1995 

57 Van der Voort Donni E Thonet E Bois dEnghien E Dechamps C and 
Guilmot JF Eneigy Supply Modelling Package EFOM 12C Mark I Mathematical 
Desciiption Commission of the European Communities Louvain la Neuve Cabay 
EUR 8896 1984 

58 Zhang Z X Cost Effectiveness Analysis of Carbon Abatement Options in China s 
Electiicity Sector Energy Sources Vol 20 1998 


99 



130932 


130932 


Date Slip 

This book Is to be returned on the 


date last stamped 



